
THIS REPORT HAS BEEN DELIMITED 

AND CLEARED FOR PUILIC RELIAIE 

UNDER DOD DIRECTIVE 5200.20 AND 

NO RESTRICTIONS ARE  IMPOSED UPON 

ITS USE AND DISCLOSURE. 

DISTRIBUTION STATEMENT A 

APPROVED FOR PUBLIC RELIASEj 

DISTRIBUTION UNLIMITED. 



imm-J*>xrt.-   m "f^f^rmr^fKi 

rmed Servios Technical kmm %H 
Becmae of our Uaütcd n pply, yon «re requested to return this copy WHEN IT HAS 8X9IV*   i 
YOUR PURPCflE so U ;i t may be made available to other requesters.  Tour (uoperaklcei 
will be appreciated. , 

I 

I0TIC1; WHtNOOVEJiUNN 
DUTDBlD POR ANY PVRP 
WVIRNIfBirr FBOCm^CM 
io RispoiinBiLrrY, ? OR 
lOVKRmOKr MAT BAVE 

PBMCH» QK COiinMA'nOI 
JB Oil SELL AKT PAVEIT 

INT OR OTHER DRAWDtOB, SPECIFICATION!» OH OTHER DA r 
3E OTHER THAN Of CONNECTION WTTH A DBFINirELi; «El./- 
NT OPBRATKW, THE Ü. S. GOVERNMENT 1HXREBY ; iCtIB:! 
NT OBUGATION WHATSOEVER; AND THE I ACT T?A> :m 
ORMULATBD, FURNISHED, OR Of ANT WAT SUPPun 1 H£l 
TI0N8, OR OTHER DATA IS NOT TO BE REC ARDED Bi 

*       s WANT MANNER LICEN8IHG THE HOI DER OR AUTfOt, 
, C:» CONVETDiG ANY RIGHTS OR PKRMBSRIN 1^ MAiU  AC: 
tD DT^lNnON THAT-MAT IN ANY WAY BE *lLATfc> "HEW! 

'• 
Kcpfoducccl   by 

DOe^ENT SERVICE CENTIR 
KS?T! BUILDIN6. DAYTON, 2. OHIO 

i!».^iT«,<ir.rwir» « 



·•· 

THIS DOCUMENT IS BEST 
QUALITY AVAILABLE. THE COPY 

FURNISHED TO DTIC CONTAINED 

A SIGNIFICANT NUMBER OF 

PAGES WHICH DO NOT 

REPRODUCE LEGIBLY. 



/•— 

CALIFORNIA   INSTITUTE   OF TECHNOLOGY 

Hydrodynamics and  Mechanical  üngineering  Laboratories 

^ 
) 

r 

CO TIP CLEARANCE FLOWS 

IN AXIAL FLOW COMPRESSORS 

AND PUMPS 
by 

Dean A   Rains 

REPORT NO. 5 

JUNE. 1954 

Under  Navy  Contract«   N6 ori-IOi  Ta»k Order  IV  and   Nord  9613 



I TIP CLEARANCE FLOWS IN 

AXIAL FLOW COMPRESSORS AND PUMPS 

Under Navy Contracts N6-ori-102 Task Order IV 

and Nord 9612 

u Prepared by: 

^#rtr ^./fa* 
Dean A. Rains 

Q+rKS/ 

Approved by: 

W. D. Rannie ~ 
Associate Professor of 
Mechanical Engineering 

A. ^. Acosta 
Senior Research Engineer, 
Hydrodynamics Laboratory 

^1 

iJ 

Hydrodynamics and Mechanical Engineering 
Laboratories 

California Institute of Technology 
Pasadena, California 

June 1954 

« 



ACKNOWLEDGMENTS 

The author wishes to ackuowlcuge the hclpf-.d guidance of 

Drs. W. O. Rannie and A.  J. Acosta while conducting this research. 

A Daniel and Florence Guggenheim Found    ion Fellowship in Jet 

laion afforded financial assistance to the author. 

The efforts and cooperation of Messrs.  T.  W. Fuller, 

J. R.  Kingan. E. F.  Daly, G.  M. Hotz and many others made the 

construction of the axial flow pump facility possible. 

Miss Zora Lindberg, Mr. J. C. Ribbons,  Mr. F. T.  Linton 

and Miss Mildred Olson put the report in its final form. 



T?: 

i 

iii 

TABLE OF CONTENTS 

Acknowledgments i 

Abstract ii 

Table of Contents iii 

Summary v 

I. Introduction 1 

II. Equipment and Experimental Techniques 3 

A. Introduction 3 

B. Pump and Pump Circuit 5 

C. Instrumentation 8 

D. Blade Construction 9 

E. Flow Visualisation 11 

F. Blading Design 14 

in.   Flow Within the Tip Clearance and Losses 17 

A. Introduction 17 

B. Preliminary Discussion of the Tip Clearance Flow Model    18 

C. Modifications to the Perfect Fluid Model Due to Real 
Fluid Effects in a Turbomachine 20 

D. Two Dimensional Potential Flow in a Clearance Space 21 

E. The Calculation of the Laminar Flow in the Clearance 
Space for a Stationary Blade 26 

F. The Calculation of the Tip Clearance Velocity for a 
Stationary Blad* with Both Inertia and Friction Forces 
Included 31 

G. The Effect of Blade Rotation on the Tip Clearance Flow 32 

H.     The Calculation of the Tip Clearance Velocity with 
Rotational Effects Included 36 



^7l  

IV 

I.      Tip Cleaiance Flow Losses 39 

IV.   Flow Outside the Tip Clearance          * 46 

A. Introduction 46 

B. Observations of Tip Vortex Cavitatiun in Axial Flow 
Pumps 46 

C. Discussion of th«, Cavitation Experiments 50 

D. Observations on the Formation of a Vortex Due to a 
Thin Jet Entering a Stream 52 

E. The Formation of the Vortex Sheet Due to a Jnt Entering 
a Stream and Its Roll Up Into a Vortex 53 

F. Formation of the Vortex Sheet Near a Blade Tip with Its 
Subsequent Rolling Up 56 

G. The Estimation of the Inception of Cavitation 61 

References 66 

Appendix A - Notation 68 

FofRr 
Appendix B - Calculation of     K s    I'OXA/* and ^S1** oi Attack 72 

Figures 73 

> 



SUMMARY 

Th * influence of the clearance between the rotor blade tips and 

the duct wall on efficiency of compressor« has been the subject of several 

investigations in the past.    The results, as given in scattered reports of 

experiments, have indicated that appreciable gains in efficiency could be 

made by reducing tip clearances below currently accepted values.   In 

spite of such experimental evidence, the importance of tip clearance 

losses does not seem to have been sufficiently emphasised.   The principal 

re«   ... for this is that experiments have been confined to overall efficiency 

measurements on compressors and the tip clearance flows themselves 

have not been studied.    The lack of knowledge of the mechanism by which 

the clearances introduced losses raised some doubts concerning the valid- 

ity of interpretation of the overall efficiency measurements. 

Several more or less elaborate theoretical investigations of tip 

clearance flows have been made in the past baved on the lifting line con- 

cept of a wing with a gap.    Induced drag has been determined from these 

theories and attempts made to interpret these in terms of tip clearance 

losses.   That these attempts have not been successful in explaining the 

experimental efficiency measurements is not surprising, because of the 

obvious inadequacy of the model.   The clearance dimension in practice is 

a few percent of the chord, or even a few percent of blade thickness at 

most, so it is very unlikely that a lifting line assumption could appl/. 

Some very crude methods of estimating losses from tip clearance flow 

have been based on the assumption that a leakage flow, resulting from the 



pressure difference over the rotor, occurs in an annulus of height equal 
| 

to the clearance height.    This model, which would be reasonable if the 
I 

number of blades were infinite, is probably more realistic than the 

lifting line theories even for a finite number of blade«. 

The purpose of this investigation was to find out the nature of 

the tip clearance flow and to devise an appropriate model so clearance 

losses could be calculated in a rational manner.   Since direct measure- 

ments of the flow field in the region of the clearances were almost im- 

• possible, an essential first step was to make the stream lines visible so 

the general character of tip clearance flow could be determined.   Air is 

not a very satisfactory medium for observations of this kind because very 

small particles introduced into the air stream diffuse too rapidly in tur- 

bulent flow for good visibility.    Hence a pump with blading similar to a 

compressor was used and observations made with water as a medium by 

introducing droplets of colored oil of a specific gravity of unity into the 

flow.    The drops need not be as small an the particle size required to 

follow closely the stream lines in air.   A further advantage of water as 

a medium is that the system pressure can be lowered to cause* cavitation. 

If vortices occur in the flow, cavitation occurs in the regions of low pres- 

sure in the vortex cores and makes them clearly visible.    This latter 

effect was found very useful.   Several auxiliary experiments were made 

in water tunnels and flumes in order to isolate certain effects that were 

difficult to observe in the punv;. 

The most important result of the investigation is a simple perfect 

flivld model of tip clearance flow from which estimations of losses can be 

~ 
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made easily.   The essential character of the model is best imagined as 

a winf with a narrow slot where the plane of symme vy through the slot 

represents the wall at the end of a blMe.   Because of the pressure differ- 

ence over the wing, a narrow jet issues from the slot at the auction sur- 

face.    The pressure in the Jet is the same as the pressure in the fluid 

outside the jet,  so the magnitude of the velocity .it any point in the jet 

must be the same as the local velocity outside the jet, a result of the 

application of Bernoulli's equation.   However the chordwise component 

of the velocity in the jet is the same as the velocity on the pressure sur- 

face of the wing, since the fluid in the jet came from that region and 

hence is less than the velocity outside the jet.   The component of velocity 

normal to the chord in the Jet is a result of conversion of the pressure 

difference over the wing into kinetic energy. 

The velocity in the Jet is inclined at an angle to the free stream 

direction and the sides of the Jet consist of vortex sheets in which the 

vortex lines must be in the direction of the vector mean of the velocities 

inside and outside the jet.   Since the vortex sheets are close together and 

the vortex line« are inclined at an angle from the chord line, the induced 

velocity from a pair of vortex lines in the sheets can have a local effect 

only.   The induced velocities must die out rapidly in both chordwise and 

spanwisc directions.   Hence the problem of determining .low distribution 

is considerably simpler than for the somewhat analogous problem of 

vorticity shed from the edge of a wing of low aspect ratio where the 

influence of the shed vorticity is not so localised. 
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Observations show that the shed vortex sheet rolls up rapidly 

into a tight vortex along its leading edge.    However, the influence of this 

rolling up is probably quite localized also and does not affect the distri- 

bution of clearance flow.    A simple c&lculation of the strength of the 

vortex sheet from the model shows that the entire circulation about the 

wing appears in the vortex sheet and the distribution is the same in 

proportion as the chordwise distribution for the wing.    Hence there is 

no vorticity shed from the wing trailing edge in this model: the Kutta 

condition has been satisfied at the edges of the slot rather than at the 

wing trailing edge. 

Viscous effects complicate the actual flow as compared with 

this model, but their influence on the more important aspects of the flow 

is surprisingly small.   The frictional resistance to flow through the tip 

clearance was found to be  small for the dimensions that are ordinarily 

mechanically feasiole.    The rolling up of the vortex sheet is more rapid 

and of somewhat different character when there is no relative motion 

between the blade and the wall as compared with the case of relative 

motion as in a turbomachine.    This indicates that viscous forces have a 

strong effect on the rolling up process.    Further complications arise in 

the turbomachine from the scraping of the rotor tip through the wall 

boundary layer.   This seemn to produce an additional pressure on the 

under surface of the blade which appreciably increases th* tip clearance 

flow rate. 

The perfect fluid model by itself does not give any losses in the 

sense of dissipation of energy.   However,  a plausible assumption is that 



IX 

the kinetic energy of the velocity component in the clearance normal to 

the chord and hence to the free stream flow cannot be recovered.    The 

observation that the vortex sheet rollu up is evidence that this kinetic 

energy quickly appears in a type of motion where disiiination must occur 

rapidly.   On this basis, losses for various values of tip clearance were 

calculated and compared with the results of overall efficiency measure- 

ments in the pump and with other measurements in a compressor where 

the blade design had been given in sufficient detail.    The results of the 

comparison were very satisfactory; hence the principal purpose of the 

investigation was accomplished. 

Some refinements of the idealized model were made to account 

for the influence of the viscous resistance on the clearance flow rate and 

to account for the increased pressure on the lower surface r   the blade 

resulting from the impact of the wall boundary layer.    In addition a 

calculation of the limiting case of extremely small tip clearance, where 

viscous effects are predominant, is given. 

The rolling up of the tip vortex sheet does nov appear to change 

the magnitude of the losses, and hence its rate of rolling up is not par- 

ticularly signilicant in the overall flow characteristics of a compressor. 

In the pump, however, it was shown that cavitation occurs first in the 

rolled up tip vortex before cavitation can be observed on the blade sur- 

face.    This early cavitation avay from surfaces doe« not in itself affect 

performance and is unlikely to cause damage.   However the prediction of 

the vortex cavitation and its alleviation is of some interest.   An attempt 

was made to develop a theory for the rate of rolling up of the vortex 
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sheet and to estimate its strength so incipient cavitation could be pre- 

dicted.    Unfortunately the influence of real fluid effects cannot be taken 

into account in a simple manner; hence the theory is not as complete or 

as satisfactory as desired. 

t 
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I.   INTRODUCTION 

As turbomachinery has developed in the past twenty years, 

designers have continued their efforts to build more dependable highly 

efficient light weight machines with a wide range of stable operation. 

More and more information on elasticity, vibration dynamics, metal- 

lurgy, heat transfer, and fluid mechanics has been required to pursue 

this development.   Considerable success has been achieved in work 

toward these goals, but in particular the high efficiency of modern 

machines has been realised without a complete understanding of the 

loss mechanisms in the various components of the machine.   High effi- 

ciency of each component is especially important in a gas turbine, since 

the over-all performance of the engine is very dependent on the good 

performance of each component.    This statement is born out by Figure 

1 which shows the change of thermodynamic cycle efficiency with changes 

in turbine and compressor performance *  '.   The compressor is so 

important because it uses roughly two-thirds of the turbine output.   A 

gas turbine in this respect is quite different from a steam turbine plant 

where the power required for the boiler-feed pumps is an insignificant 

portion of the turbine output.   This is one of the primary reasons that 

steam turbines were developed long before gas f irbines. 

A great deal of effort has been expended in the last eight years 

to understand the factors that determine compressor performance.   The 

state of ignorance is expressed in a recent summary by Chung-Hua Wu in 

Reference 2 and is well summarized in Figure 2 taken from Reference 3. 
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At the design point the loste« are broken down approxir lately as 2. 2 

percent due to annulus loss, 4,4 percent due to "secondary" loss, and 

4.2 percent due to profile losses.   The annulus and blade profile losses 

can be explained by their similarity to pipe flow loss and single airfuil 

implication is that it is caused by flow other than the primary flow through 

the machine.   These secondary flows may be classified as follows: 

(1) The cross flows in the boundary layers on the blades and 

annulus due to the turning of the flow. 

(2) The cross flows in the boundary layers due to the rotation 

of the machine. 

(3) Leakage flows through the tip clearances and the clearance 

«pace around shroud rings. 

Research in the first two types of secondary flow has not yet 

(4) accounted for the losses to be explained '    .    Various mechanisms have 

been suggested by which these types of secondary motion may be respon- 

(5) sible for the losses '  ', but at the present time the status of this phase 

of secondary flow research is inconclusive.    The following is an attempt 

to gain a better understanding of the third type of secondary flow.    Tip 

clearances will be studied particularly to evaluate them as a source of 

loss with the hope that another portion of the losses may \ e properly 

accounted for. 

In the study of tip clearance flows information of specialized 

interest on the inception of cr.vitatior in , unips is presented.    For this 

investigation, however, the cavitation pheno.nena serve only as a means 

of studying tip clearance flows. 



II.    EQUIPMENT AND EXPERIMENTAL TECHNIQUES 

A.    Introduction 

Moat of the experimental reaearch applicable to turbomachinery 

is done in machines with air as the working fluid.    The use of air in the 

study of turbomachinery seems natural since they generally utilize an 

air cycle.    Air is especially useful if the compressibility effects asso- 

ciated with high speed operation are important in the problems under 

study.    There *rft advantages, however, in having slow speed air machines 

to do detailed experimental work without the excessive noise and stress 

problems that come with high rotative speeds.   Some of the inherent ad- 

vantages of air machines are that air is readily available, the sealing 

problems are few, and usually an expensive closed circuit is not required. 

The blading for such machines is still expensive, for rotor tin speeds cf 

the order of 200 ft. /sec. or more are required to give desirable Reynolds 

numbers of the order of 100,000 based on mean axial velocity and blade 

chord.    The cost of investigating various blade designs is very high under 

these conditions. 

There are a number of advantages of having a water machine 

available for research work, the most apparent of which is that under 

atmospheric conditions the kinematic viscosity of air is thirteen times 

larger than water       .   Thus for the same Reynolds number a water ma- 

chine may be designed fr.r greatly reduced speeds,  size, power consump- 

tion,  and blade stresses as compared to an air machine.   With the low 

strength requirements a' the reduced rotational speed, a research 

machine can use lead-alloy blades.    The cost, of these blades may be 
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reduced to such a level that numerous changes in the stage blade de&ign 

are not prohitnteo. 

In order to obtain the magnitude of the savings possible by using 

a water machine instead of an air machine,  scaling ratios will be con- 

sidered for retention of the Reynolds number based on the blade chord 

and mean axial velocity as a fixed parameter.    For complete geometric 

scaling the rotative speed ( U0 ) and machine diameter ( D ) are related 

The power requirement ( P ) is scaled by 

Thus by the choice of one of the three available ratios the other two are 

determined by (1) and (2).    The results for a choice of unity for each ratio 

are shown in the table below. 

^A       ""Xu        */* 
1.00 0.08 0.39 
0.08 1.00 S.00 
0.39 0.20 1.00 

The primary difficulty of scaling down a machinv completely is that the 

blades become so small that it is difficult to make them and still retain 

the original thickness distribution.   One method of alleviating this 

construction problem is to decrease the number of blades while keeping 

the solidity (the blade chord to spacing ratio) constant.   The aspect ratio 

of the blades is changed with this scaling procedure,  so new relations 

must be written 

fit     Ü« . ür  H 
0a       U. Vk    Na (3> 
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and 
^ = ^   vi   NJ   u^ 

; i ft f»     IT    Ni    U« 
Another arbitrary ratio has been introduced in the scaling pro- 

portionality relations which permits an even wider choice of designs. 

In the table below the ratios are computed for the same given ratios as 

in the previous table except that   -j~L   =  0. 50. 

1.00 0.04 0.05 
0.04 1.00 1.25 
0.05 0.80 1.00 

During 1952 an axial flow pump test facility was constructed in 

the Hydrodynamics Laboratory to utilize these advantages and others that 

will be discussed in the section on flow visualization techniques (II-E). 

B.   Pump and Pump Circuit 

A machine was desired for internal flow studies, performance 

investigations, and cavitation experiments. These requirements led to 

the design of a vertically mounted test unit installed in a simple closed 

hydraulic circuit using water as the working fluid. The rotor is exter- 

nally driven by a D.C. dynamometer which provides the only power for 

flow circulation. 

The circuit itself (see Figures 3 and 4) consists of the test 

pump which discharges into a vaned elbow and thence into a diffuser 

section.    Another vaned elbow directs the flow downward through a 

second diffuser and hence into a "lattice" type throttling device.    The 

circuit is closed through two more vaned elbows and a 6:1 contraction 
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I 
nozzle.    The circuit is fabricated from 1/4 inch galvanized plate. 

The test unit and dynamometer are mounted separately on rigid 

steel bases grouted to a concrete wall. 

An advantage of having a closed circuit is that the system pres- 

sure level may be readily controlled.    Auxiliary pressurizing and evacua- 

ting circuits are provided so that the a.nbient pressure in the unit can be 

arbitrarily fixed between 25 psi and 26 inches of Hg vacuum. 

The test unit is approximately forty inches long, fourteen inch 

inside diameter, and can accommodate up to three stages of blading. 

The general design features aru shown in Figure 5.    The pump unit is 

vertically mounted and split longitudinally in halves.   One half of the 

pump case is bolted and doweled to the mounting plate, while the other 

half is removable by a roll-away jig-assembly which is permanently 

attached to the structure.    The same jig may be used for the removal 

of the rotor assembly.    The removable case-half contains a lucite view- 

ing window which runs the full length of the rotor and extends circum- 

fercntially over two blade passages.    Flow surveying ports are also 

incorporated in the removable case-half behind each of the four station- 

ary blade row positions, as well as a single surveying hole behind each 

of the rotor blade row positions.   Static pressure taps are located in the 

fixed casing-half between each blade row. 

The stationary blades, i.e., the entrance, stator, an J exit 

blades, are attached to two-inch wide circular segments which are 

fastened into grooves machined in the case.   There are eighteen station- 

ary blades per row and sixteen rotor blades per row.    The rotor blades 
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are attached by means of aegments in the same manner as the stator 

blades. 

A survey plate is provided immediately downstream of the con- 

traction nozzle so that the flow distribution entering the test unit can be 

determined. 

Both the rotor and the case are cast of red brass.    All of the 

shafting is stainless steel.    The drive shaft is hollow to permit communi- 

cation with the rotor while the machine is rotating.    The advantage of 

this feature will be described in the section on flow visualisation (II-£). 

The test unit may be disassembled and the rotor removed in 

about three man-hours.   However, access to the rotor blades is possible 

in less time by removing the window. 

The dynamometer used to drive the pump is mounted vertically 

about three feet above the first elbow.   Spare is thus available for attach- 

ing equipment that must rotate with the machine, such as a manometer to 

measure pressures in t. rotating reference frame. 

The motcr is rated at JO hp at 1750 rpm on 230 volt O. C.    The 

power is supplied by a 30 KW thyratron rectifier unit.   A differential 

gear box i« used tc establish the rotative speed in unit rpm increments 

above about 100 rpm     With this controller speed regulation is maintained 

on the average to within ore part in ten thousand. 

A torque arm and pan weight system is used tc measure the torque 

reaction.    An electrical displacement pickup gives the location of the irir 

between stops 0.004 inches apart.    The signal from the pickup it used as 

a null indicator,  so that the arm is returned to its original balance position 

iL 
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for each reading.    The sensitivity of the torque measuring equipment is 

about 0.25 inch-pounds. 

C.    lantrumentation 

The measurements of torque and speed have already been des- 

cribed.   The other overall flow quantities which must be determined are 

flow rate, head increase across the pump, and the system pressure. 

The pressure drop across the contraction nozzle upstream of the pump 

provides a convenient measure for the determination of the system flow 

rate.   The nozzle was calibrated from velocity surveys taken at its exit. 

In order to determine the head rise, total head rakes, each with nine 

probes, are set flush and faired into the leading edges of each of the 

three legs of the downstream bearing support.    The pressure differences 

between these probes and a total head probe in the center of the nuzzle 

exit survey plate are read on a multi-tube manometer bank.    A water- 

mercury manometer is used to measure the pressure level in the circuit. 

More detailed flow measurements can be made through the 

surveying ports in the casing.   Each of the ports, or slots, behind the 

stationary blade rows extends circumferentially over approximately two 

blade passages.    To avoid tie sealing problems of a more elaborate 

traversing device, the probe» are located through a plug which permits 

no smaller than 2   increments in circumferential surveys.    A special 

probe holder was built to position all of the probes radially within 0. 01 

inch and circumferentially within 0. 2£>    respectfully.    The probe holder, 

probe, and plug assembly are shown in Figure 6 ready for installation in 

'   ■■*!■ 
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the machine.    The probe holder can also be mounted in the •urvr.ying 

station behind each of the rotor blade rows.   An assortment of various 

typos of probing instruments has been made, a few of which arc shown 

in Figure 7.   From left to right they are:   a static pressure probe, a 

claw-type directional probe,  a boundary layer total head probe, and a 

Kiel-type total head probe.   Calibration of the direction and static pres- 

sure probes was checked from time to time in the air Jet discharge of a 

large contraction nozzle. 

The measurement of the pressures from these various probes 

was made with a Statham liquid differential pressure gage of total range 

1 psi and a Baldwin-Southward strain gage bridge.   The gage was cali- 

brated frequently with an air-water manometer.    With the use of this 

transducer, pressures can be measured to 1/1000 of the full scale 

reading.   A Statham gage is ideal for use with the claw probe since no 

flow is required for a null reading.   Flow angles can be measured to 

within ± 0.25° by this technique. 

In order to determine the rotor blade tip clearances as installed 

in the machine, four holes are provided in the case at each rotor row 

position for depth micrometer measurements. 

O.   Blade Construction 

As it has been pointed out, the use of water as the working fluid 

allow« the rotative speeds to be in the 200-300 rpm range and still have 

Reynolds numbers of 80, 000 to 120,000.   At these low speeds the centri- 

fugal stresses in the blade« are negligible, and the hydrodynamic bending 

\mmanr 
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fitressea are less than 500 psi.    btrength,  therefore, is practically ruled 

oui a« a problem in «electing the material for blade manufacture.    To 

minimize the costs of manufacturing the blades were: to be cast in the 

Hydrodynamics Laboratory,   so low melting point alloys '300    - 400 F) 

were desirable.   The low melting point eliminated the need of any special 

furnace and handling equipment.   "Cerro-base" and "Cerro-cast", lead- 

bismuth alloys, were chosen since they met the minimum strength re- 

quirements and were commercially available.   The lead was selected 

instead of a plastic because of its superior dimensional stability and 

casting ease. 

The blades were cast centrifugally in two-piece reusable plaster 

molds.    The blades were cast onto the brass holding segment in order to 

simplify the attachment problems.   The mold halves were formed on an 

accurately machined brass master blade.   One master blade was pro- 

vided for each of the four types of blades in the machine, i.e., pre-ro- 

tation vanes, rotor,  stator, and rear straightening vanes.    The master 

blades were made by first spotting coordinate points on a brass block 

with a milling machine and completed by hand finishing to these points. 

The casting procedure consisted of heating the mold and then forcing the 

molten metal centrifugally into the mold by using the arrangement shown 

in Figure 8.   After fabrication a few bK: :«. were selected at random for 

inspection.   It was found that the chords were within 0.2 percent of their 

design values, and the stagger angles at the tip were within 0.1   of the 

design angle. 

The outside diameter of the rotor blades and the inside diameter 

U^ 
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of the stationary blades were trimmed by machining a complete blade row 

in a jig to give the desired running tip clearances.   More details of the 

blade construction are given in Reference 7. 

As interest in tip clearance flows developed, information on the 

cavitation performance of axial flow pumps was required.   The blades 

that have been described are not sufficiently strong to operate at the 600 

rpm required for the  cavitation studies.   Hence, beryllium copper re- 

plicas of the first blade set were cast commercially.    All of these blades 

were cast with a "foot" that was held in the slotted segments by four 

screws.    The tip clearance of the rotor blades was made variable by 

deepening the root slot and adding shims, thus permitting clearances 

from 0.004 inches to 0.100 inches.   (See Figure 9) 

E.   Flow Visualization 

Where very complicated flows occur and difficulty in interpreta- 

tion of direct measurements is anticipated, means of observing actual 

stream lines is frequently of great value in preliminary studies.    In order 

to do this, visible particles must be introduced into the flow so that they 

follow the stream lines closely without changing the flow pattern appre- 

ciably.   Such particles must bu very small if their density is different 

from that of the fluid so irertia effects are suppressed, or if the particles 

are large, their density must be the same as that of the fluid and they 

should be introduced into the fluid with velocities close to that of the fluid 

at the point of introduction.   In laminar flow, very small particles are 

(8) probably more satisfactory      , but in turhiil^rt flow the concentration of 



particle« die« out very quickly downstream of the point where they are 

introduced.   Since it is the concentration of small particles that is visible 

rather than the individual particles, the use of small particles is not sat- 

isfactory in turbulent flow.    Larger particles, however, can be followed 

individually in turbulent flow as far downstream as one wishes.    The tur- 

bulent diffusion of large particles will of course be the same as for small 

particles.   Since individual large particles are followed, the statistical 

distribution of the paths of many will give the required information on 

mean stream lines. 

It is clear that large particles of solid or liquid cannot be used 

with air because of their inertia effects, so observations on air flow must 

be confined to low Reynolds numbers.   However, water serves as an ideal 

transporting medium for immiscible colored oil tracers.   The oil droplets 

remain of appreciable size due to the influence of surface tension and can 

be observed easily, so that flows with Reynolds numbers of the order of 

100,000 or more may be examined.   The tracer fluid that was found most 

successful for this work was a combination of di-butyl phthalate and 

kerosene mixed to give neutral buoyancy.   Of course, the lucite window 

which extends the full length of the test installation was essential for this 

work. 

The use of the flow visualization technique made possible the 

study of some of the three-dimensional flows in the machine, and hence 

nerved as the foundation of this investigation.    It is difficult to get quanti- 

tative information on flow quantities by visualization techniques, but the 

flow geometry can be recorded for study and analysis. 

« 
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To illustrate the technique, two examples of its use in the mach- 

ine will be described in some detail. 

Ordinarily in a curved channel the end wall boundary layer flow 
(9) 

overturns and travels up along the convex sidr ol the bend       .If the end 

wall is moving with respect to the channel '.-.alls, as is the situation at the 

rotor blade tips of an axial flow machine, will the flow still overturn ? 

The visualization method will be used to a.iswer this question. 

A small brass injector tube was attached to the rotor of the pump. 

This injector was connected with tubing by way of the hollow shaft to a 

vessel rotating on the shaft of the machine.   From this vessel dyed oil 

was forced under pressure into the flow.    The volume flow rate was ad- 

justed so that the jet of oil entered the flow at approximately the same 

velocity as the surrounding flow.   The flow could then be observed through 

the window by using a stroboscopic light synchronised with the shaft rota- 

tion.    The photographs shown in Figures 10, 11, and 13 were taken with 

a four by five inch view camera with lighting supplied by single flash 

lamps synchronised with the machine's rotation. 

A comparison of the flow angles in the two photographs of Figure 

10 shows that the flow is underturned near the outside case.   In this figure 

and in Figure 11, & is the thickness of the outside wall boundary layer, 

and U is the distance of the injection point from the wall.    The conclusion 

19 that the retarding drag on the flow by the case wall actually cancels out 

the overturning cross fi.ow and turns the flow toward the blade surface 

leading h. the rotation.   Part of this "scraping" flow eventually impinges 

on the pressure side of the blade with a weak vortex being formed as a 

- 
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(8) consequence        .    Some quantitative information can be obtained by mea- 

suring the flow angles in the photographs. 

The flow visualization technique described in the previous para- 

graphs was also used to study the secondary flows near the rotating hub. 

The importance of boundary layer cross flows has often bee. discussed 

and measured with directional probes, but this photographic technique 

serves as another method to judge their importance.    Figur«* 11 shows 
I 

that the strong cross flows are limited to the bottom fifteen percent of 

the boundary layer.    It is interesting to note the fluid moving up along the 

blade surface in the bottom photograph ( T/c     ■   0.08). 

There are many other methods of applying the visualization 

method.    A probe may be installed to study the flow in the stationary 

blades.    Cavitation may serve as a visualization tool, since it occurs first 

in regions of lowest pressure in the flow,  for instance in free vortices, 

(See Figure 29). Flow visualization experiments were also carried out in 

simpler configurations representing certain aspects of the moxe compli- 

cated flow in the pump.    A slow speed flume of one by four foot cross 

section in the Soil Conservation Laboratory was found useful in studying 

modeled flow geometries with oil droplets and dyed water injection. 

F.    Blading Design 

For the first studies in the pump facility the blade design was 

chosen to be the same as in the compressor used for a research program 

in the Mechanical Engineering Laboratory .    The design point charac- 

.  ..         - .,          .,,                     ,, ..        t,   j                Tz        Me«n Axial Velocity tenstics of these 'free vortex" type blades are  (O   =  =5—» rr *• 

V, 
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r.  -ic       J %7i' Average Work Input n Ar.     -,.« =   0.45 and w  - — :—= *—r— j     * ^.—=—s r =  0.40.    The i        Dynamic Pressure based on the Tip Speed 

fifty percent reaction point is at a radius ratio of 0.70 based on the outside 

radius.    The ratio of the hub radius to ths c-tside ratio (the hub ratio) is 

0.60. 

The number of blades for the pump was reduced from that in the 

compressor by the ratio 0.53 for constructional reasons after the diameter 

ratio had been set at 0.39.   The resulting power ratio was 0.14 and the 

speed ratio was 0.10. 

Since the rotor blades were of primary interest in the tip 

clearance flow study, a detailed tabulation of their design will be given 

here.    There are sixteen rotor blades in the blade row.    The blades have 

a parabolic camber line and a constant chord.   The details of the rotor 

blade design are tabulated below as functions of the radial coordinate. 

rvauiuo 
Ratio 

K/R0 
0.60 0.70 0.80 0.90 1.00 

Solidity  r % 1.15 0.98S 0.860 0.765 0.690 

Stagger 
Angle 0* 15.2° 32.1° 43.8° 51.7° 57.4° 

Camber 
Angle 46.7° 31.0° 20.3° 13.8° 9.8° 

Maximum 
Thickness 
Ratio 

0.12 0.11 0.10 0.09 0.08 

The thickness function has an elliptically shaped nose and has its 

mnximum thickneaa a'; Uic: tLixty-five percent chord position.    The thick- 

ness function is tabulated below for a ten percent thick blade. 
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Vc Vc Vc Vc 
0.000 0.0000 0.300 0.0493 
0.005 0.0085 0.350 0.0500 
0.010 0.0122 0.40Ö 0.0494 
0.020 0.0167 0.450 0.0478 
0.030 0.0208 0.500 0.0452 
0.040 0.0232 0.550 0.0415 
0.050 0.0254 0.600 0.0371 
0.060 0.0277 0.650 0.0322 
0.070 0.0297 0.700 0.0269 
0.080 0.0315 0.750 0.0211 
0.090 0.0331 0.800 0.0160 
0.100 0.0346 0.850 0.0114 
0.150 0. 0404 0.900 0.0072 
0.200 0.0446 0.950 0.0037 
0.250 0.0474 1.000 0.0011 

The thickne»« function for any other maximum thickness ratio may be 

obtained by simply scaling the values of    /C in the ratio of the maximum 

thicknesses. 

The rotor blade chord is 1.90 inches and the installed rotor blade 

tip clearance is 0.007 inches. 

Measurements of the overall pump performance showed that it 

gave a (f? s  0.41 at the design work coefficient ( "\p   -  0.40).    Surveys 

of the flow angles from «he entrance vanes, however, confirmed that they 

were accomplishing the flow turning for which they were designed.   Sur- 

veys of the case and hub boundary layers downstream of the entrance 

vanes showed a layer with a displacement thickness^of 0.071 inch on the 

case and a layer with a displacement thickness of 0.053 inch on the hub. 

Since the effective cross-sectional area of the machine ia reduced thus 

by 4.6 percent, the mainstream portion of the blades is operating at a 

proportionally higher flow rate.    This at least partially accounts for the 

discrepancy of eight percent between the designed and measured performance. 

'    t      '     « t.Vkp>--      L. 
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m.    FLOW WITHIN THE TIP CLEARANCE AND LOSSES 

A.   Introduction 

In Part I an approximate breakdown of compressor losses was 

considered in which the tip clearance losses were lumped with the un- 

known factors of "secondary" losses.   However, experiments with fans, 

blowers, compressors, and turbine» have shown appreciable drops in 

efficiency with increased tip clearance.   If these results arc extrapolated 

to aero clearance, the indication is that a good part of the unexplained 

losses are due to tip clearance flows. 

More evidence of the importance of tip clearance flows was 

found by the visual observation of incipient cavitation in an axial flow 

pump "      .    The cavitation starts in the low pressure center of vortices 

created by the tip clearance flows. 

Many designers have sought to minimize the tip clearance pro- 

blem by incorporating shroud ring assemblies in their machines.    The 

shroud ring joins all of the bls^e tips and thus eliminates the clearances. 

The ring is recessed in either the hub or case with or without labyrinth 

seals so there is still a leakage problem.    Additional problems of align- 

ment, stress, and rotational drag make the value of a shroud ring at the 

rotor blade tips doubtful.    Many stator blade row assemblies have shroud 

rings where the lack cf rotation and the smaller diameter make the ring 

more feasible. 

The objectives of this investigation of tip clearance flows were 

(1) to understand the mechanism of the clearance flows and calculate their 
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magnitude, (2) to obtain a method of estimating the losses associated with 

the leakage flows,  (3) to study the formation of the tip vortex with the pur- 

pose of finding methods to estimate its size and strength, and (4) to use 

the information found about the vortex to explain the incipient phase of 

cavilation in axial flow pumps. 

B.    Preliminary Discussion of the Tip Clearance Flow Model 

For a perfect fluid the flow through a tip clearance must be the 

same as the flow through a slotted wing with the wall represented by the 

plane of symmetry through the slot.    The flow through a slotted wing has 

been studied with the assumptions of the lifting line theory where the cir- 

culation is shed from the trailing edge as it drops to zero at the edges of 

the slot.   Such a theory assumes that the width of the slot is large com- 

pared with the wing chord, an assumption that certainly does not apply to 

the tip clearance flow in a compressor where the slot width is more nearly 

(12) of the order of one percent of the blade chord.    Betz has calculated 

the minimum induced drag and hence the maximum efficiency of a cascade 

of lifting lines with tip clearance, but of course his analysis is applicable 

only to fans where the tip clearance is large and the blade aspect ratio is 

high.   Others have applied this or similar theories to the calculation of 

induced drag in compressors, but their validity is also dubious because 

of the lifting line assumption. 

A much more reasonable model of the flow through a narrow slot 

in a wing is one where the Kutla condition is applied along the edges of the 

slot rather than at the trailing edge.    Then the flow is more nearly analo- 
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gous to the flow around a wing of very small aspect ratio as considered by 
I 1 'S \ 

Pollay , because in both cases the vorticity is shed along the chord at 

the wing tip.    However, the slotted wing is in some ways much simpler 

since the influence of the shed vorticity on the flew is confined to the 

immediate region of the slot.    The effect of the vortex sheets dies out 

with distance more rapidly because of the nearby image in the plane of 

symmetry.    Schematic diagrams of the vorticity shedding for a lifting 

line, a wing of low aapect ratio, and a wing with a narrow slot are given 

in Figure 12. 

Direct observation of the flow by the various techniques already 

discussed has demonstrated that the model of the flow through a slot 

where the Kutta condition is satisfied along the edges of the slot is the 

best perfect fluid model of tip clearance flow. 

Such a model, as described above, can be considered in various 

ways.    The flow in the slot between the shed vortex sheets consists of a 

jet with uniform velocity across its width and in general varying velocity 

along the chord.    If the free stream velocity for the wing is  Woo   and if 

r|    and    rg   are the pressures on the pressure and suction sides of the 

wing away from the slot, then the velocity in the jet normal to the chord 

P [  »ince the velocity in the jet parallel to 

the chord line is carried through without change for a wing of small thick- 

ness.    This velocity component   W^    is of the order of     Woo   for th. 

USMSI blade loudlug in rompressors since      <■■     -;     m —}      is of the order 

of unity. 

■ ^r *»>« 
N   ^iTTI' 
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C-.    Modification» to the Perfect Fluid Model Due to Real Fluid Effects in 

a Turbomachine 

A perfect flow mode) for the tip clearance flow problem has been 

outlined in the previous section.    The question immediately Prises, "How 

well is the flow in a machine represented by this model?"   If the model 

does not adequately represent the flow in the machine, it follows naturally 

to ask, "What are the factors that require the model to be altered ?", and 

"How can corrections to the model be made?" 

In the small clearances that are characteristic of turbomachinery, 

the viscous forces must have an effect.   However the  small length to 

height ratio of a clearance (normally from five to twenty in a turbo- 

machine) may exclude large viscous influences because the viscous forces 

have only a short length on which to act.   Therefore, the importance and 

type of real fluid effects must be considered to obtain a correction to the 

perfect fluid model. 

The viscous effects are manifested in three ways in the tip flow 

problem:   (1) there is a resistance to the flow in the clenrance, (2) the 

"no-slip" condition on the blade tip requires thai fluid be pulled with the 

blade as it rotates, and (3) the case wall boundary layer flow impinges on 

the rotating blade (see Figure 10). 

As a preliminary step in investigating the complete tip flow pro- 

blem, a low visualisation experiment was conducted in the blade tip 

region.   The result» of the experiment are shown in Figure 13.   An injec- 

tor was placed at a distance of four times the tip clearance from the wall 

so that the oil would flow along 'he pressure side of the rotor blade.   The 

11^ - 'r" 
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importance of the pressure difference across the blade may be seen by 

comparing the tip flown in the photographs for several pump flow rates. 

As the pump flow rate mcreases the blade pressure difference decreases, 

and therefore less fluid goes through the clearance.    The tip flow appears 

to form a thin jet that streams out into the flow, maintaining its identity 

for a distance until it is rolled back by the main flow.   After the jet is 

turned, it can be seen to become a part of a turbulent cone of flow.   Al- 

though it cannot be discerned from these photographs, this cone will be 

shown in later experiments to be a vortex. 

In a machine where the pressure side of the blade leads in the 

rotation (a pump or compressor) the viscous drag of the case wall moving 

relative to the blade tip also causes a flow relative to the blade tip from 

the pressure to the suction side.    Therefore, this flow adds to the "pres- 

sure drop" leakage flow.   In a turbine, where the suction side leads in 

the rotation, the leakage flow opposes the shear flow.    The investigation 

presented herein will be restricted to pumps and compressors. 

In compressors and pumps there are therefore two contributions 

to the tip flows:   (1) the flow due to the pressure drop across the blade 

which may be primarily a perfect fluid phenomenon, and (2) the shear flow 

due to rotation which is a real fluid phenomenon. 

D.    Two Dimensional Potential Flow in a Clearance Space 

If the viscous effects are neglected, a model of the tip clearance 

flows can be developed >o show some of the primary characteristics of the 

flow.   The next few sections are devoted to showing that tivi perfect fluid 



effects do in fact dominate the real fHid effects in determining the clear- 

ance flow. 

In general at stations along the chord of a blade, the pressure 

gradient across the blade is large compared to along the blade.    Therefore 

as the flow is transported through the clearance, the velocity along the 

blade should be negligibly accelerated compared to the acceleration of the 

velocity normal to the blade.    This is essentially the approximation made 

if sections normal to the chord are chosen to study the clearance velocity. 

For this two dimensional potential flow discussion the flow normal to the 

blade will be idealized as the free stream line flow into a slot.    Figure 17 

shows a comparison of the idealized geometry of the stream line separating 

from the inlet edge of the slot with the more plausible conditions of separ- 

ation and rcattachment at the Inlet edge and the flow filling the clearance 

at the outlet.    If the Bernoulli equation is applied to the condition far up- 

stream and downstream in the tip flow, | 

or 

(6) ^=   (ACp)i 
which is the same answer obtained in III-B. 

The validity of the perfect fluid model can be investigated by 

comparing measured pressure distribution near the tip with computed 

results.    With the perfect fluid model the change in the pressure distri- 

bution on the pressure side of the  »lade is everywhere proportional to the 

square of the tip clearance velocity.   However on the suction side of the 

blade, the jet of flow from the clearance should not materially affect the 
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pressure distribution because the stream lines are not appreciably curved. 

(14) By using the hodograph method of solving free stream line problems, 

the flow into a slot can be worked out readily to give 

where & , the contraction ratio, equals     rX+£      and    T   i8 the complex 

velocity.   This implicit relation for the velocities can be used with the 

Bernoulli equation to compute the pressures on the X  and LL axis.   The 

results of these calculations are shown in Figure 21.    The predominant 

feature of these results is the concentration of the pressure drop near 

the inlet of the clearance. 

To compare the idealized flow model indicated in the previous 

paragraphs with experimental result«, a stationary airfoil was chosen 

because the real fluid effects due to rotation would not be present.   Of 

course there are boundary layers on the walls and blade, but boundary 

layers of thickness much less than the chord should not affect the pressure 

distribution on a blade with zero tip clearance.    This picture is in sharp 

contrast to a two dimensional "strip theory" based on a lifting line that 

demands that the local lift is proportional to the local velocity squared. 

For applications to thin wall boundary layers, the Karman-Tsien lifting 
(15) 

line theory is thus quite inappropriate. 

To carry out the pressure measurements» a two dimensional 

hydrofoil was installed normal to a wall containing a number of static 

pressure taps around the profile periphery.    The taps were located on a 

disc set into the wall so that the taps could remain fixed relative to the 
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profile 8.g th« angle of attack was changed.    The whole assembly was 

placed in an open channel water tunnel as shown in Figures 14 and IS. 

The Statham gage described in Section II-C was used to measure the 

static pressures on the wall.    These experiments wer« run for a Reynolds 

number of 50,000 Hased on the free stream velocity and blade chord. 

A typical set of data for several tip clearances is plotted on 

Figure 16.    A   = USGsSk feladeThlckness   wai chosen M ^ ^ 

clearance parameter because it characterises the most important feature 

of the blade geometry for comparison of different blade shapes.   The 

range of A in turbomachinery practice is from 0. 05 to 0. 50. 

From Figure 16 it is evident that for    A > 0.100 the strongest 

influence of the tip clearance on the wall pressures opposite the blade 

contour occurs on the pressure side »jf the blade.   This is consistent 

with the above two dimensional flow model.   In fact, a numerical com» 

pari «on can be made between these two cases.   Potential theory predicts 

a difference between the pressure at the inlet of the slot and the outlet of 

thirty-five percent of the pressure difference between far up and down- 

stream (see Figure 21).   The ratio measured at, for example,  A = 0.167 

and i = 0.4 is   }'|f I fl'||  "    0>375.   It is important to note that the 

pressure pattern does not change by doubling the clearance to A « 0.333. 

Thus a potential flow pressure distribution is established for   A> 0.167. 

Therefore using a potential flow model in this range of tip clearances 

becomes more reasonable. 

For  A ^ 0.05 the viscous forces become dominant and the pres- 

sure difference over the blade thickness is almost completely balanced by 

STHI'~';V~ 
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the viscous resistance in the clearance. It is interesting to note that the 

lift is maintained up to the wall for zero tip clearances as was postulated 

above. 

The Reynolds number for the flow in the clearance must be taken 

into account before any general inequalities can be written for the regimes 

of dominance of the viscous and inertia forces.   To retain the same di- 

mensionless pressure distribution from one Reynolds number to another, 

the ratio of the tip clearance velocity to the free stream velocity must 

also remain fixed.   To obtain equal velocity ratios, the viscous pressure 

drop in the clearance must also be equal.   For laminar flow, which pro- 

bably will occur in the clearance because of the small clearance Reynolds 

numbers and the small length available for transition to turbulent flow, 

the dimensionless frictional pressure drop is.   .   ef I ; f I.   Thus to keep 

the same pressure distribution   \ I   h\     must be equal to a constant. 

More simply,  A  ^A 6   must equal a constant, where  ICA   is the Reynolds 

number based on the free stream velocity and    £   is the maximum thick- 

ness to chord ratio at the blade tip.   Using the results of the pressure 

measurements on the wall, the viscous forces ar* predominant for 

A. I^|C ^11 and the inertia forces are predominant for   A fe^c ^IfcD . 

It is important to note that lor the large values of K^ typical of modern- 

day turbomachinery ( I2A^    250, 000) the viscous forces can be neglected 

for   A >   0.07, ( ^   is generally of the order of 0.10).    Thus for the 

normally used clearances, the viscous forces can probably be neglected 

without large errors. 
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E.    The Calculation of the Laminar Flow in the Clearance Space for a 

Stationary Blade 

In the previous section it was shown that for A Itjfe >125, two 

dimensional potential flow theory provides a reasctiahle model.    More 

careful examination of the flow of a real fluid in the clearance is required 

to determine the importance of real fluid effects for smaller clearances. 

An example will be worked out to give the limiting case of tip clearance 

flows when the viscous forces dominate the inertia forces (i.e., accelera- 

tion t«rm8 may be neglected).    The influence of the free stream flow around 

the blade is then equivalent to a given pressure distribution arouna the 

edges of the tip clearance.    In order to simplify the calculation the clear- 

ance velocities across a two dimensional elliptically shaped airfoil at a 

small angle of attack will be computed. 

As the first step in the analysis the pressure field around an 

elliptic cylinder must be determined.    The flow that determines the 

pressure distribution can be considered as two dimensional potential 

flow hence making available the techniques of complex variables and 

conformal mapping. 

In the physical ( X ) plane, the elliptical cylinder has a geometry 

as shown in Figure 18. The flow from infinity is Woo with an angle of 

attack 0^        By using the well-known transformation x     ' 

X- r^ c\zrm* (8) 

the ellipse is transformed to a circle of radius  -j ■- in   \   plane. 

Thus the preanure distrihutioTi on the ellipse can be computed by evaluating 

[ 
'^■siflr 
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the velocity field in the  T   plane with the Kutta condition applied at the 

point corresponding to the trailing edge in the X   plane, tranaforrmng 

the result to the A plane and finally using the Bernoulli equation to give 

the pressure distribution. 

This computation yields . .\ 
c    - I - 4 fsm^e» £od 6ine(i-co5ö)f 

p"' '^(f^-i^^^ffer ™ 
where C05 ö-r^'nd 5(^6-7-^-if OC ff* 3(nOi *» ta n Oi 

To compute the flow through the clearance resulting from the 

above pressure distribution around the profile, all acceleration terms 

will be neglected.    Taking the   Z. axis along the blade span and neglecting 

the velocity in this direction, the equations of motion become 

?)D /ö'u Ö*U Ä^U   \ 

Assuming a parabolic variation of LI  and V  in the   Z   direction, the 

b 
terms involving        r^s    may l>e eliminated from (10) and (11).    Let 

u-Q(M^-E,) 
and 

where    S   is the tip clearance and   U and  V are mean velocities.   Sub- 

stituting these assumptions in (10) and (11) and integrating across the tip 

clearance gives 
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Under these assumptions the continuity equation remains 

iu     ö\r      öü i dvr _ n 

For very small clearance j        V*    and     -    .   are much smaller than 

TPJ    .  so these terms are neglected from (14) and (15) to give 

Sf- -Sot) 
^ if- - smk) 

where ^ = -J^2 

Ö .„„_ Ö If (17) is operated on by    r*?      and (18) by     TT?    and the results 

added, it can be shown that V Cp s O Hence the methods of complex 

variables can be applied to find Cp and therefore U and V every- 

where in the clearance. The problem can be greatly simplified if only 

the velocities on the boundaries are computed.    The values of     ■    J      and 

bCp on the boundaries alone are required to obtain this result. 

In the circle plane coordinates,    ~.Jr     may be obtained by dif- 

ferentiation of Equation (9) giving 

iCo_     zot sin'ed-cosej 

v«aga- 
wfcl»■l«^^^:»^^wltf■^#^ ^k«.4*i ■J«ä»«««»-»*«^—■»—inw^s^c   ^.^jB^nur.-. 
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L if   6 = "T?-*  i- ■'»»W compared lo one, oo that terms of order ( feOC ) 
Co 

or ( £   ) may be neglected.   If      - P   is also found on the profile, then 

J     and       ^   '       could be found by using the following relations be- 

0 
tween these derivatives 

aco _ c0 QUO    _    V'O €  COS e|^_5ine^ 

ÖC. c cose ^ ^ine^f 

(20) 

(21) 

The value of    -r-rP     can be found readily by using the fact that 

it is the conjugate of     Q~iP   on the circle in the T   plane.   Potential 

theory *     ' gives 

U2) 

where P. V.    stands for the principal value of the integral.   The integral 

(22) was evaluated by using the method of contour integration with the 

result that 

47r-8e<  c^ IE»* sin»el« (23) 

Therefore     -. A  and     fci{-    were evaluated from (20) and (21) 

so that U   and   V' are 

w«    fc I Co/        re* /sln'ei» 

(24) 

(25) 

using Equations (17) and (18). 

I 
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One deduction that can be made from these results is that the 

dominant term of  r—r-   is of order unity, while   r—p    is of order OC . 
IVoo VVoo 

This suggests that a two dimensional approximation can be made.    If small 

strips perpendicular to th* chord are considered and the local pressure 

gradient is approximated as local pressure difference across the blade 

divided by the blade thickness,   7-7-     can be caluclated frcm 

AP     ^      V 

By using H^llj^ Sm 0 for the thickness and ACp »CplOJ-CprO) 

Woo      b   |c.j (   6   ) \e + sin16] 
after simplifications. 

The similarity between this result and the more exact answer (25) 

is significant.    An example will help to show that a two dimensional approx- 

imation is adequate considering the approximations that have already been 

made.   Figure 22 compares the variable portion of these two answers for 

the case that    €    =  0.1, i.e., a ten percent thick airfoil     The two dimen- 

sional assumption has already been used,  and it will be u»ed again in cal- 

culations that follow. 

By comparing the magnitudes of the tip clearance velocities ob- 

tained from the perfect fl"id model (Equation (6) ) and equilibrium laminar 

flow model (Equation (26) ), further confirmation of the relative importance 

of friction and inertia forces is possible.    In the intermediate range of 

Ä^i ,  «ay       /l^t      =   50 and for     ÄCp   =   1.0, 
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^=(^Cp)i-   1.00 (29) 

for equilibrium laminar flow if       *ö-    =  1.0.   For a perfect fluid 

The larger velocity in the case of equilibrium laminar flow is due to the 

fact that the frictional pressure drop is appreciably less than the one 

velocity head that occurs in the potential flow calculation.    Therefore, 

a completely viscous solution of the tip clearance flow problem should 

be restricted to     A   ICÄ € ^   11 as indicated in the previous section. 

F.   The Calculation of the Tip Clearance Velocity for a Stationary Blade 

with both Inertia and Friction Forces Included 

In the range of clearances from     A 12^6    =  11 to    A K^t   = 

125 a more realistic model should include both the accelerations and the 

losses.   This suggests using the Bernoulli equation with loss terms 

added.    Therefore 

PX   +   ifWf"  Fl   +   £PNf*Wf)*    lo"«. (30) 
P   ,     R  , and    W. are the undisturbeu values on the blade away from 

the clearance.    The energy contribution from the flow along the blade 

(    r-5-"'    ) is again assumed to be transported through the clearance un- 

changed, since the pressure gradient along the blade is small compared 

to the gradient across the blade. 

The losses may take three forms:   (1) an entrance loss which 

can be represented approximately by the form    r I (^^ ^ ^N J where 

0 ~ K~ 4    , the value of   K depending on the sharpness of the entrance 

(17) corner of the clearance        ', (2) a turoulent friction loss of the form 
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Cr -r*  2 I W*   + Wj 1 where   C*    could be approximated by    v  u       , 

and (3) Cr     becomes    TTTT/J—TTFl ^ a l*«>*i»«' flow aoiumption is valid. 

The entrance loss is due to the separation and reattachment of the flow at 

j the sharp corner as shown in Figure 17. 

If   Cr    is assumed independent of   W*    then   Wt   is given ap- 

proximately by 

(31) 

For iaminar flow with this approximation 

and for turbulent flow 

.07 6 

(32) 

[%M*\£Acrff (33) 

In Reference 18 transition was reported to occur in slots in the 

range of Reynolds numbers from 2000 to 4000.    Therefore a Reynolds 

number of 2500, based on the tip clearance and the tip clearance velocity, 

will be assumed to divide the flow regimes in the full length of the clear- 

ance . 

C.    The Effect of Blade Rotation on the Tip Clearance Flow 

Thus far the analysis and experiment« have been concerned with 

tip flows for a stationary blade near a stationary wall.    This case is of 

little practical interest for in actual machines the stator blade tips are 

adjacent to the rotating hub and 'he rotor blade tips are moving relative 
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to the adjacent stationary wall.   The tip clearance flow for the staticnary s 
blade and wall it, of course, much easier to study experimentally and it s 
does isolate the influence of the pressure difference across the blade.   At 

first it might be assumed thai the effect of rotation simply could be added 

to the pressure flow, but a more careful investigation shows that this is 

not correct. 

It is most convenient to view the clearance flow from a coordinate 

system attached to the blade so that the wall moves relative to the blade 

tip with the tip speed.    For axial flow compressors and pumps the pressure 

surface leads the rotation so that the flow required by the "no-slip" condi- 

tion at the moving wall is in the direction from the pressure to suction 

side, the same as for the flow resulting from the pressure differential. 

A crude idea of the properties of the flow relative to the rotor 

blade tips can be obtained by considering mean velocity triangles for the 

flow in this region.   Figure 19 shows two triangles, one in the free stream 

where   U   is the absolute velocity and Wa» is the velocity relative to the 

blade, and a second triangle at a typical station in the case boundary layer. 

A blade is drawn in to show its position relative to the flow. 

If the velocity,   U , in the boundary layer can b: described by a 

n 

computed. 

u the velocity,   M , in tne oounaary layer can DS rescnoea oy 

i    root profile (   ■—- = | A^tP   ). then the flow incidence angle can be 

, -I'-i'.M'"""! „. 
(34) 

if   U0 is approximately constant through the layis».    It is apparent from 

(34) and the diagram that the incidence anple increases through the layer 
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as the wall is approached.    This has already been seen in the flow visual- 

ization experiments recorded in Figure 10.    When this cross flow reaches 

the pressure side of a blade, the flow rolle up along the blade and forms 

a weak vortex.    This vortex has been observed by others v    , and it was 

seen in the flow visualization experiments that will be described later in 

this section.    This strong cross flow relative to the blade in the blade 

channels results in large curvature of the stream lines in the corner 

which is accompanied by strong pressure gradients along the blade near 

the tip. 

A simplified mathematical model is used here to show the im- 

portance of the pressure variation along the blade due to the "scraping up" 

of the case boundary layer.   Boundary layer flow in a corner can be com- 

puted approximately by assuming a uniform distribution of vorticity.    The 

corner represents the intersection of the blade with zero tip clearance to 

the case wall moving relative to the blade.    The boundary layer flow is 

assumed to intersect the blade and travel off at right angles.    The boun- 

dary layer is represented by a region of twice the displacement thickness, 

A    , in which there is a uniform vorticity distribution, i.e. , a linear 

velocity profile far from the corner.    The value of the velocity at the wall 

is the component of the tip speed perpendicular to the blade.    The idealized 

flow geometry is shown in Figure 20. 

The equation governing the stream function  y    is V y —    % i." 

with the boundary conditions that       1}/ — O    on the  X   and  U   axis and 

"X^ ~ \U,      on the other flow boundary.    The values of \p far upstream 

and downstream are 
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(35) 

(36) 

For an approximate solution valid in the corner, the infinity 

conditions will be assumed to exist at X" 2 i and U ~ 2 1 • A 

solution 

Y-M.co^^.-^^-^)] (37) 

is used even though it only satisfies the differential equation on the boun- 

daries and the boundary conditions.    The velocity along the  y axis is 

dx -  ^cosß 
A«0 m-im (38) 

The Bernoulli equation can be used to determine the pressure on 

the U   axis if the Bernoulli constant is evaluated on the stream line that 

forms the corner.    Thereby « 

(39) 

This pressure distribution is plotted on Figure 23.    The pressure increase 

along the blade toward the tip is seen to be appreciable and must affect the 

tip clearance flows since the clearance space is small compared to the 

boundary layer thickness. 

To investigate tue effects of rotation on the pressure distribution 

at the blade tip experimentally, a two dimensional hydrofoil was mounted 

normal to a large disc that could rotate and hence simulate the relative 
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motion of the wall.    The disc which had a radius of eight times the blade 

chord was driven by a variable speed motor.    A static pressure tap was 

located on the pressure side of the blade 0.020 inches from the tip.    The 

whole assembly was mounted in a slow speed free-surface flume.    Thus 

the pressure measurements could be made easily for various ratios of 

free stream velocity to rotational speed and various stagger angles by 

changing the location of the foil on the disc.    The increase In pressure, 

a« shown in Figure 24, is of sufficient magnitude that it should be taken 

into account in a calculation of the tip clearance velocity.   The primary 

conclusions from this experiment are that: (1) the pressure difference 

and the rotational shear flow cannot be treated separately since the ro- 

tational motion modifies the pressure field, and (2) the blade stagger 

angle is important in determining the pressure field near the blade tip. 

Flow visualisation experiments were conducted with the rotating 

disc equipment.    Three noteworthy observations were made: (1) the tip 

clearance velocities were increased markedly as the rotational speed 

increaseri,   (Z) uiere appeared lu ue two regions of tip clearance flows, 

one close to the rotating wall in which the flow traveled with the disc, the 

other a generally larger region where the tip flow also felt the influence 

of the free stream flow, and (3) a ■■scraping" flow vortex was observed 

near the leading surface of the blade.    The significance of these observa- 

tions will be discussed in the next section. 

H.    The Calculation of the Tip Clearance Velocity with Rotational Effects 

Included 

im laaii) • 
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A calculation of the velocity in the tip clearance that proceeds 

from the model which ha« been developed cannot hope to be valid near 

the case where the velocity must be the tip speed relative to the blade. 

I urtunately the flow virualiaation observation indicates that only a small 

layer is completely dominated by the rotation of the machine.    It will be 

assumed that in the remainder of the clearance the Bernoulli equation 

approach used in the previous sections is still valid after a correction 

for the increased kinetic energy normal to the blade has been made. 

The Bernoulli equation in a rotating coordinate system is 

P* ±fW*= con5t. (40) 

if the radial motion of the ■tr««ni lines is negligible and Vv is the velo- 

city relative to the coordinate system.    Applying (40) to the flow through 

the clearance space is possible if the loss of energy along the stream line 

is taken into account.   Therefore 

P^z^K* wi"1 =f?+ ifK ^H1)* l08,eB      {4l) 

where Vv£    is Vhe velocity in the clearance normal to the blade,  w,    i* 

the component of the free stream velocity normal to the blade, and W 

is the component along the blade.     W^    and  VN^    can be computed using 

the mean velocity triangle of Figure 19.   The values used for the tip clear- 

ance velocity calculations will be taken at    U * *%       .   It follows that 

W,'  - W,   SlnOd (42) 

W,"  - W,   COS OC (43) 
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(44) 
■ o 

<ind 06 is given by (34).    A consequence of this model of tip flows is that 

the boundary layer thickness, boundary layer profile shape, and the blade 

tip stagger angle become parameters in velocity calculation. 

W      increases as the tip clearance is reduced so the relative 

total head near the wall is effectively increased.    The primary effect of 

this increase in total head is to increase the tip clearance velocity over 

that for the stationary case.    In using  PJ   on the right hand side of (41), 

it is assumed that the pressure field on the suction side of the blade is not 

materially affected by the rotation or the presence of the tip clearance. 

•S-nV^ + Vvf   1  and turbulent or laminar friction  ^f (x*)( K * ^ ) 

where  Ctm   Hf  tffa      fc>r the turbulent case and  C« ■» * Pi /t    i /^^ih 

for laminar flow.   A Reynolds number of 2500 will b? assumed to divide 

the flow from either completely turbulent or completely laminar for the 

full width of the clearance. 

Again considering two dimensional sections normal to the blade, 

""' w. f*o..(££)'-(..^M"' 
if C|   is assumed independent of   W^   •   For laminar flow 

(45) 
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while for turbulent flow 

„  ^ .076 . ..,. 

It is interesting to not* from (45) by using a few numerical ex- 

amples that: (1) if the pressure aide edge of the blade is rounded,  r s O 

T—/       is generally less than ten perc 

viscous losses for the range of clearances in general use in turbomachin- 
« 

ery ( A  K^  ^ 125), (2) if both the viscous forces and entrance loss are 

neglected when they should be included, an error of the order of twenty 

percent is made.   It is again concluded that the inertia forces are more 

important than the viscous forces in determining the tip clearance velocity 

for the clearances of practical importance. 

Since no direct method of checking the tip clearance velocity 

calculations is possible, estimates of the losses due to the clearance 

flow will be made using these calculations and the results compared with 

efficiency measurements.   An unfortunate weakness is that more assuznp- 

-tions must b« made before the loss calculations ar« pwBsiwlc. 

I.   Tip Clearance Flow Losses 

A mathematical model has been constructed to compute the tip 

clearance flow as a function of the chord line coordinate.   If in addition 

an assumption of a loss mechanism is made, the tip losses can be com- 

puted.    The total loss o' power will be assumed to be the flux of kinetic 

energy associated with the flow normal to the blade.    Probably some 

additional loss is introduced by the friction in the tip clearance, but unless 

'  
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the tip clearance it very «mall these losses are not large.   It will be 

shown in a later section that the vortex sheet formed by the tip clearance 

flow entering the free ■tream flow rolls up into a vortex.    The loss as- 

sumption implies that the flux of kinetic energy normal to the blade chord 

creates the rolled up vortex that 4s eventually dissipated without recovery. 

The total loss of power for the fS|   blades in a blade row is 

therefore 

^MföH) (48) 

'0 
where X   is the coordinate along the blade '.hord. 

The drop in efficiency due to the clearance flow loss can be com- 

puted when the work coefficient,   ^    , has been determined.   Actually \|J 

depends upon the tip clearance.   Three effects that modify V    arc: (1) 

as the clearance increases the pressure loading at the tip drops off due to 

the acceleration of flow into the clearance, and the torque is reduced, (2) 

the effective area of the blading is reduced as the clearance increases 

which also reduces the torque, and (3) the increase in the pressure load- 

ing at the tip due to the rotation becomes less important as the tip clear- 

ance increases which again reduces the torque.    These three effects can 

be taken into account approximately to compute the variation of  \|^    with 

tip clearance. 

is defined as 

T 
(49) 

where    |     is the: torque required to drive th.   machine to produce a flow 
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rat«   (p        The computation of a corrected   Ip    reduces to a calculation 

of the torque requirement of the machine. 

It was shown previously that the pressure distribution on the 

pressure side of the tip of a blade could be computed adequately from the 

potential flow into a slot for tip clearances of practical importance.    With 

this model the total force reduction on the pressure side of the blade can 

be computed by using (7) by an integration along the blade. 

p rip-p.)<Wr ifo^^-i r<^cL. .so, 

where O    is the velocity en the U   axis divided by   W^ .  ~J &lCL | 

is certainly adequate for this computation since only a small correction 

term is being computed. 

To take into account the pressure due to the "scraping" flow, the 

flow model introduced in Section m-G will be superimposed directly on 

the previously calculated flow into a slot.   Integrating (39) the force in- 

crease along the blade is 

which is 

c.i^co5»(!c|j|-G(jk|l 
if 

^-M-iM" (53) 
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11 
11 

It follows that the net torque increase on v\  rotor blades at a 

tip stagger angle of    P0     is 

{ Nie.CC05ßfc coj'ft*^ -G(D) -&, Wi q.] (54) 

by considering the total force reduction to be applied at the tip radius. 

The total integral of torque is therefore 

Thus \}    can be romouted from (49) giving    .        . 

edcosK 
For i..ost computations of the efficiency drop where 

[^6(ll| 
small changes 

of   h\    »re made from a point where  ^     i« known,   V     can be consid- 

ered a constant»   Therefore    AE , the efficiency drop, can be computed 

directly from 

(57) 

It has already been shown that the acceleration of the flow is 

much more impor Tit than the viscous pressure drop for thä Reynolds 

numbers and tip clearances generally used in compressors,  so the vis- 

cous terms will be neglected completely in the calculation of the clearance 

velocity.    Equation (39), evalvated at      SI ^ "i    * i8 used to correct for 

the pressure increase on 1' * blade due to the impact of the boundary layer 

flow.    Therefore 
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A** -it 

(58) 

is evaluated If the integral in (57) is replaced by its mean value,       ^L* 

a«   »»•   ^   COS^,     and   N   as   ^/T g^ (•^•j     , then the efficiency 

drop for a rotor blade row is >r a rotor blade row is , 
'   z 

Usually      (P0S <f   .        Ili» V     and      {^« ß#*     , 

using these approximations (59) reduces to 

so 

AE 

Several authors have reported efficiency measurements on com- 

pressors as a function of tip clearance.    The conclusion is the same from 

all of these sources, namely, the tip losses are a very important factor 
(19) 

in pump and compressor performance.    For example, Fickert     '    reports 

that the peak efficiency dropped three percent when the radial clearance 

was increased from 0.020 inches to 0.040 inches.   Peter De Haller of 

Sulzer Brothers, Switzerland ^      , reports an almost linear drop in peak 

efficiency of a commercial compressor from ninety-three percent at 0.020 

inch clearance to eighty-four percent at 0.080 inch.   Unfortunately, the 

complete blade design d.ita is not available for these cases so a compari- 

son with the th ory is not possible.    One source, Ruden *      , reports 

very detailed observations of a single stage fan's performance as a 

ri»ri  ii  '  • ' ~ —r-.-~.^ 



-44- 

function of radial clearance and also gives the details of the blade design. 

To supplement this data, the efficiency cf the axial flow pump described 

in Part II was measured for three tip clearances.    The clearances were 

chosen to cover the small clearances that Ruden did not consider.    The 

measurements in the pump were made by detailed surveys before and 

after ihe rotor bl»de row with the pump operating at its design flow rate. 

The efficiency curves for these experiments and those of Ruden are plotted 

on Figure 25.    The work coefficient curves are plotted on Figure 26. 

The work coefficient curve is interesting in that it bears out the 

statement that the variation of  \f   with tip clearance is negligible, at 

least for the range of clearance of practical interest. 

The use of the tabulated blade design for these two cases makes 

possible a direct comparison of the theory (Equation (59) ) and the experi- 

ments.   If the experimental efficiency curves are extrapolated to zero 

tip clearance, this intercept will be used as the efficiency at zero tip 

clearance for the theoretical efficiency curve.    The resulting theoretical 

efficiency curves ar« plotted with the corresponding experiments on Figure 

25. 

The good agreement of the theory with the experiments, even for 

the smaller clearances, is probably due to the reasonably high Reynolds 

numbers for each experiment (Ruden ^     '      KA  =  360, 000 and for the pump 

facility experiments       KM - 280,000).    For even the smallest clearance 

tested (    K =  0.046),       X PJI^     equaled 50. 

The importance of the tip clearance flow losse« can not be overlooked 

in view of the constant struggle fr>r a two to three percent gain in efficiency 
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by compressor designers.   It is hoped that a more thorough understanding 

of these flows should encourage attempts to build «mailer clearances :Lnto 

new machines. 
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IV.    FLOW OUTSIDE THE TIP CLEARANCE 

A. Introduction 

When the Kutta condition is applied along a slot in a wing, the 

stream line at the slot edge separates from the wing.    The flow in the slot 

enters the main flow at some angle,  so the separated stream line is also 

a discontinuity surface.    Thus a pair of vortex sheets bound the flow from 

the slot while the main stream flow goes by on the outside in a different 

flow direction.   Part IV will be devoted to a study of the motion of these 

vortex sheets as they travel downstream.    Observations of cavitation were 

made to nhow that the sheets actually roll up along their leading edges to 

form vortices. 

B. Observations of Tip Vortex Cavitation in Axial Flow Pumps 

Observation of the tip vortex in liquids is made possible because 

of the phenomenon of cavitation.   The rotating flow of r vortex causes a 

positive pressure gradient radially outward from the vortex center.    Thus 

the pressure at the center of the vortex is reduced below the surrounding 

pressure field.    If the surrounding pressure is sufficiently low, the pres- 

sure in the cor* of the vortex can drop below the vapor pressure of the 

liquid and the liquid will boil locally or cavitate.    Four techniques can be 

ured t<y -btain cavitation in a pump:   (1} at a constant system pressure an 

increase in the rotative speed of the machine dynamically reduces the 

pressure near the blades, (2) the static pressure in the entire pump can 

be reduced, (3) a combination of the first two methods can be used, and 

(4) simulated cavitation can be obtained by injecting a gas into the center 

i 
i 
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of the vortex.    In this case the vortex pressure field dominates the buoyant 

forces and the vortex core is traced out by a gas-filled cavity.    In these 

experiments the rotative speed was increased and the variable system 

pressure feature of the circuit was used. 

A complication inherent in cavitation work in a closed circuit at 

reduced pressures is the dissolved air content of the water. Mast of this 

air must be removed or it will come out of solution during the experiments 

thereby obscuring and invalidating the results. In these experiments de- 

aeration was accomplished by running the machine under high vacuum for 

periods up to six hours. The air content was maintained at from six to 

ten parts per million during all of the cavitation experiments. 

It was found that with blades with sharp corners on the pressure 

side edge, the flow separated and cavitation in the clearance space resulted. 

Rounding this edge eliminated this type of cavitation.    The difference is 

shown in Figure 30 where the blade on the left has a sharp edge while 

the blade on the right has a radius of 0. 020 inches on the edge.   The mini- 

mum radius required to eliminate this cavitation was found to be approxi- 

mately equal to the tip clearance over the range of clearances that were 

tested.    All of the rotor blades were rounded on the pressure side to pre- 

vent this type of cavitation while a study of vortex cavitation was being 

conducted. 

A logical first step in exploring cavitation in an axial flow pump 

and its relation to tip clearance flows was to determine visually the de- 

pendence of the inception point of cavitation on tip clearance.   It should be 

recalled that it is only recently that tip flows were suspected of 
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governing cavitation inception in pumpi.    Previously '     ' blade surface 

cavitation had always been assumed to occur first. 

For each run the tip clearance was adjusted and measured through 

the calibrated holes in the machine case.    Then with the pump running at a 

rotative speed of 600 rpm and the desired flow rate, the system pressure 

was lowered until cavitation was regularly observed near a majority of the 

blades.   This pressure was recorded and defined as being the "incipient" 

point.   The rotor blades are generally critical for cavitation in most pumps 

because the blade row before the rotor is relatively lightly loaded and the 

blade rows that follow have the benefit of the static pressure rise through 

the rotor. 

The cavitation inception pressure should scale from one rotative 

speed to another in a manner similar to a pressurt: coefficient, except 

that the pressure of importance is the difference between some represent- 

ative ambient pressure and the vapor pressure of the liquid (   ^ ). 

Therefore the cavitation number    K=  I A\jj[     i« u«8d to compare cavi- 

tation data.        Re , as defined for these experiments, is the static pressure 

on the case immediately before the rotor blade row.      VAo is the mean 

velocity relative to the rotor blade tip.   Appendix B gives the details of 

the calculations required to arrive at   K .   A higher value of   K   means 

that cavitation started at a higher value of system pressure or a lower rpm 

than for a smaller    K .   Essentially, the larger the cavitation number the 

worse is the cavitation performance of the machine. 

The incipient cavitation number is plotted as a function of tip 

clearance for four flow rates on Figure 27.   The upturn of the curves for 
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the amall Up clearances wa« a ■urprielng result which will be discussed 

in some detail. 

In conjunction with the visual observations of cavitation, a series 

of photographs was taken of tip vortex cavitation for the purpose of record- 

ing the change of the vortex structure with tip clearance.   A four by five 

inch view camera was used with lighting supplied by two Edgerton type 

single flash lamps triggered by a commutator on the shaft.   The photo- 

graphs were taken at cavitation numbers below inception to avoid the dif- 

ficulty of photographing the sporadic cavitation near the incipient point. 

Figure 29 shows a compilation of these photographs comparing the cavita- 

tion for a number of tip clearances under identical operating conditions. 

The vortex structure is predominant for all of the clearances 

except for the very smallest (    \ « 0.026).   It can only be conjectured 

why there was no vortex for    A a 0.026, but it is certainly true that 

viscous forces must dominate the flow for this tip clearance.   This clear- 

ance is much smaller than is in use in general tnrbomachine practice. 

The photographs will be discussed in more detail after «nether 

experiment is described.   It has been pointed out in Section ni-C that one 

of the primary features of the tip clearance flow is the relative motion 

between the blade and the end wall.   Thexefore it was of interest to inves- 

tigate whether or not presence of this motion would cause any significant 

difference in the vortex cavitation.   It has bee.i already shown that the tip 

clearance velocity is increased appreciably by the rotational motion.   A 

measure of the importance of the rotation can be gained by a comparison 

of the incipient cavitation data from the pump to data taken on a single 
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■tationary hydrofoil with tip clearance to a wall.    The two dimensional 

hydrofoil used was approximately of the same geometry as the tip of the 

pump's rotor blade.    The incipient cavitation number was measured for 

a selected number of «uigles of attack fid tip clearances with the test 

section wall of the High Speed Water Tunnel in the Hydrodynamics Lab- 

oratory.    Appendix B describes the method used to compute the angle of 

attack settings so they were equivalent to given flow rates of the pump. 

The results of this experiment are shown on Figure 28.    This figure can 

be compared directly with Figure 27 to show the striking difference be- 

tween the cavitation inception for the stationary and rotating cases. 

Photographs of the cavitation were also taken for each configuration, 

samples of which are shown in Figure 31. 

C.   Discussion of the Cavitation Experiment» 

The cavitation for large tip clearances for the stationary and 

rotating cases (Figure 29 D and Figure 31 C) appear nimilar, but the 

structure and location of the cavitating core diverge widely for the 

smaller clearances (Figure 29 B and Figure 31 B).   Significantly the 

vortex doe a not appear near the leading edge of the stationary blade as 

it does in the machine.   In fact, the location of the vortex for the station- 

ary case is behind the quarter chord point for all tip clearances. 

A stationary hydrofoil in a wall boundary layer must lose cir- 

culation proportional to the velocity profile; hence the circulation ibed 

t-t the tip increases with tip clearance. The underpressure of a vortex 

is proportional to its strength and concentration, so cavitation will start 

«aiMft.M ■*•..«« 
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at higher      K'« when the tip ia out of the region of important viscous 

effects, but what causes the opposite variation in the rotating case 7 

The minimum pressure region on an airfoil of ordinary design 

i« near the leading edge of the suction side for any positive angle of attack. 

Near sero ang7e of attack the minimum pressure region moves back to 

near the midchord on the suction surface of the blade.   If the angle of 

attack is reduced still more, the minimum pressure appears on the pres- 

sure side of the blade.    Thus even though the underpressure of the vortex 

may remain roughly constant with tip clearance changes in the rotating 

case, the vortex in the pump (see Figure 29) moves into a region where 

the blade underpressure ia sufficiently low to make the cavitation start at 

higher values ot     K.    Consequent!/ the change in the location of the vortex 

explains the marked upturning of the cavitation inception curves from the 

pump.   This viewpoint is confirmed by the variation of the magnitude of 

the peaks in the cavitation number for the small clearances.   At the re- 

duced flow rates where the peak underpressures are the largest, there 

arc correspondingly higher peaks in the cavitation numbers (see Figure 

27).   The peaks in the cavitation number curves for positive angles of 

attack can thus be explained, but a different behavior would be expected 

near the aero angle of attack.   The    ^ « 0.48 curve in Figure 27 shows 

the upturning of the    K.   curve when the vortex start* to form in the low 

pressure region near mid-chord.   In general, the conclusion can be r. ''de 

that the blade surface pressure distribution governs the inception of cavi- 

tation as affected by the flow rate.   This is also the case for ordinary 

blade surface cavitation. 

.*.«._-«•■ 
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The rettioni for th« difference in the location of the vortex be- 
I 

tween the atationary and rotating caae is the strength and direction of the 

tip ciearance flow«.   The etronger clearance flow for the rotating caee 

result« in a larger angle between the vortex and the blade chord line, and 

therefore the vortex «tart« forward of the point where it would on the 

atationary blade.   A« the tip clearance increases, for both case« the 

flow through the clearance redirect« itself to conform more with the free 

stream flow direction.   Thi« greatly affect« the rotating blade, for the 

vortex ha« a long way to travel to reach it« free «trcam lock .ion near the 

trailing edge.   The vortex on th« atationary blade, in contrast, require« 

comparatively little relocation to reach it« final position at the rear of 

the blade. 

The conclusions of th« cavilation experiments are: 

(1) A vortex i« formed by the interaction of tip clearance flow 

with the flow pa«t th« blade.   The vortex location and 

structure are strongly affected by th« flow du« to machine 

rotation a« i« seen by comparison of the vortex formed on 

a stationary hydrofoil and on a blade in the pump. 

(2) For the optimum cavitation performance of a pump, the 

tip clearance« should not be the smallest that it i« possible 

to construct. 

D,   Ob««rvation« on th« Formation of a Vortex Due to a Thin Jet Entering 

a Stream 

It ha« been confirmed by the cavitation experiment« that the tip 
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clearance flow« create a cortex sheet that deforme into a vortex.   To 

make an analyeia of the vortex, the moat «imple model poeeible that re- 

tain* iti eaiential physical character is desired.   To study the flow in the 

hope of eliminating the unimportant quantities, a simulated tip clearance 

was set up in a low speed flume with windows in the walls.   A flat plate 

was installed perpendicularly io the side wall of the tunnel.   A small notch 

machined in the plate formed a tip clearance slot in the corner.   The slot 

was supplied with a steady flow of water from above to complete the model. 

Dyed water and oil droplet injections were used to study the flow.   The 

result for all ratios of Jet velocity to free stream velocity was a vortex 

formed along the intersection of the two flows.   A schematic diagram of 

the flow is shown in Figure 32,   Further experiments showed that removing 

the corner had no effect on the rolling up process.   The boundary layer on 

the wall was also shown to be unimportant, thereby simplifying the model 

even more.   The conclusion is that a thin Jet intersecting a (through flow at 

an angle other than aero rolls up and forms a vortex.   The result undoubt- 
(23) 

edly also applies to jets of more general shape ^    ', but it would be more 

difficult to observe the vortex experimentally. 

E.   The Formation of the Vortex Sheet Due to a Jet Entering a Stream and 

Its Roll Up Into a Vortex 

The boundary region between the Jet and the through flow velocity 

may be represented by • vortex sheet of two components.   One component 

in the Jet direction is due to the displacement of the through flow over the 

Jet requiring a transition from aero to the free stream velocity.   The 
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second component is due to the velocity gradient in the dire :tion of the jet 

flow, and 10 it it perpendicular to the jet. Figure 33 shows by cavitation 

phytiical evidence of the existence of this vortex sheet. 

For a first consideration of the rolling up of the vortex sheet 

analytically, a linearized computation of the deformation of the discon- 

tinuity surface forrn^r by a thin rectangular jet entering a through flow at 

right angles along a wall will be performed.   The linearization is made 

possible by assuming the entering jet velocity is large compared to that 

of the through flow.    The immediate consequence of this supposition is 

that the jet is turned very little by the through flow and the geometry of 

the discontinuity surface can be considered in two dimensional sections 

through the jet perpend, cular to its original direction.   In these planes 

only the vorticity due to through flow going around the jet is significant. 

As the flow leaves the tip clearance, the vorticity is created and 

thence forward it is transported by the jet velocity away from the clear- 

ance and moves about by its self-induced velocity.   Therefore if the ori- 

ginal distribution is established, vortex laws can be used to calculate 

step by step the motion of the vortex sheet.   The time base is the dis- 

tance traveled away from the «lit divided by the velocity of the jet. 

The geometry at the initial instant was idealized as shown in 

Figure 34.   For the initial inntant the jet was considered rigid and the 

strength of the vortex sheet computed using the velocities or the bound- 

aries.   The circulation distribution must be lumped in a finite group of 

vortices to make the computations feasible.   The grouping also eliminates 

the difficulty of the velocity singularity at the extern«! corner (A   ).   For 
■ 
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the computational purpose« the initial geometry as shown in Figure 34 was 

replaced with twenty-two vortices of equal strength.    The vortices were 

located to represent the sheet strength distribution along the initial shape. 

The vortex filaments were considered to be infinite in extent which intro- 

duced an error especially near the initial instant.    The remainder of the 

vortex sheet was assumed to remain undeformed and to extend to infinity 

in the negative   X direction.   The method of images was used to give the 

boundary condition of no velocity component normal to the wall. 

•th 
The formulas for calculating the change in the location of the    I 

vortex are 

AX 
St '-f[5^-5f}iM)-«- (61) 

(62) 

where /\f. as    m        —.       2^2.    ie the change in the distance traveled 
dt     v   (j 

in the Jet direction, and   —   is the ratio of through flow velocity tu the 

jet velocity (see Figure 35 for other notation definitions).    The second 

term on the right of each expression is the contribution of the remainder 

of the sheet.   The geometry at each station only depends on the tttal of the 

/\t.'s to that station, so this computation is good for all cases where the 

approximation applies. 

Figure 36 shows the results of six steps of the computation. The 

rolling back characteristic of the motion is quite a1 ircnt showing that the 

model adequately represents the flow.    The concevitration of the vorticity 
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in the rolled back region it the vortex that has been shown experimentally, 

and its approximate strength could be evaluated by summing up the vortices 

in this area.   Since the size of the vortex will also be of interest in later 

calculations, it is important to note that the size of the core is roughly 

determined L/ the amount of fluid entering the vortex from the Jet.    Actu- 

ally, the tip clearance velocities are found to be of the same order as the 

free stream velocity.   Therefore the assumption of a "stiff" jet is not 

applicable to the tip clearance problem, but the calculation has given some 

useful qualitative ideas for further calculation. 

F. Formation of the Vortex Sheet Near a Blade Tip with Its Subsequent 

Rolling Up 

A simplified airfoil model th-t will include both the rolling up 

and deflection features of the vortex formation can be developed to obtain 

the properties of the vortex.   The two simplifications to be utilized are 

(1) nonviscous flow will be assumed, and (2) the blade will have a constant 

pre a sure difference along the chord.    The blade can be represented by a 

flow with a velocity       W« 4* U     on the suction side of the chordline and 

V\/«»~ U    velocity on the pressure side. W«*  i« the velocity from 

infinity and U is a constant perturbation .^locity.   By using Bernoulli's 

equation 

If this airfoil is normal to a wall with small clearance, the tip 

clearance velocity normal to tTie blade can be computed by Equation (6) 

t 
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W* Li 
giving      —*> =: Ci   =4^7 .  »o the resultant tip velocity is 

|TW- " U)'*   WtJ *= W« + U (64) 

if the kinetic energy along the blade is transported through the clearance 

without chang?. The angle of tip flow from the clearance (see Figure 37) 

is 

(3=  tan    j£±* (65) 

Therefore a vortex sheet is created with equal velocities on each side, 

but a change in flow direction through the discontinuity surface is required. 

The sheet strength   X may be computed by considering Figure 37. 

The transport velocity of the sheet   V    follows from the same considera- 

tion 

Incidentally the angle of V with the chord line, «• , must be 

the angle that the \ortex lines make with the chord line, i.e., the vortex 

filaments are transported with the local velocity.   Hence 

It is interesting to cheek the total magnitude of the circulation 

leaving the blade.   At the trailing edge 

yc.5in|==   Wa><?C^ (69) 

mmmmwtmr-' 
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which is the total lift circulation on the blade.    Hence this calculation 

gives the local details of the shedding of the circulation from an airfoil 
! 

with a small clearance to a wall. 

The formation of the discontinuity surface has been computed, 

but a detailed study of the flow will show that this sheet of vorticity rolls 

back along its leading edge.    The sheet must indeed deform, for the fluid 

coming from the clearance must collect along the leading edge of the sheet 

and hence rrodify the local surface geometry.   A computation similar to 

the "stiff jet" calculation can be set up for considering the motion of the 

discontinuity surface if sections perpendicular to the undisturbed vortex 

sheet are considered (see Figure 38).    The equations for the displacement 

of the     I     vortex are 

M' (T., 

and 

¥ *.*£ in *> (71) ■ zrr      Ax 

if the sheet length iß long compared to the tip clearance, and increments 

of length     ~*    of the vortex sheet are lumped in each vortex.    L    is 

|JLj|£ft| (C|l * sx ' fSSan^Mi     for this case, where   I  is the coordinate 

along the vortex sheet in the direction of the vortex lines.    The use of   t 

again reduces all of the rolling up problems to one case.    The patterns 

for six cases, up to     is   10, were computed to give some insight for 

maV.ng approximate rolling up calculations that extend uver a wider range 

of     t*   .    These patterns are  =<hown on Figure 39.    Three features of these 
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and 

patterns will be used to extend the rolling up calculations.    They are:   (1) 

the patterns form roughly closed circles, (2) the circles remain nearly 

tangent with the original sheet, and (3) there is little stretching of the 

sheet as it rolls up. 

With these idealizations and some other assumptions, the strength 

and size of the vortex can be estimated aa a function of      L .   The length 

of the vortex sheet that has been rolled up and the radius of the rolled up 

i circle must be a function of    t    only, therefore 

| - f (f) 

are defined.   Assuming the sheet is unstretched during the rolling up 

permits the calculation of the circulation in the vortex, if   \ (t j were 

known. 

1       Vv4.CCL.    W4.C.CL.    
Afc( cL.   j H1/ 

To compute    fill the rolling up process v/ill be idealized as a 

cylinder rolling on a plane with the distance it rolls increasing the peri- 

meter of the cylinder as it rolls.    The velocity at the center of the core 

will be uacd for the rolling velocity.    There  are three contributor« to this 

velocity:   (1) the free stream velocity    {Vv£s+uj sif) "j* , (2) the velocity 

due to the image core, and (3) the induced velocity uf two semi-infinite 

vortex sheets.    Actually the velocity at the center of the vortex in the  X 

direction (see Figure 38) due to the two vortex sheets is zero, so a differ- 
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ential equation for   i     or t 11 I may be written in terms of the unknown 

function    Qlt ). 

dl     V ^-     '       i     4nf(Ac4.it) 
(75) 

or 

it f Jt"     ^      4^(1 +g) (76) 

The growth of the core depends on the  U. component of the velo 

city at the maximum elevation point»    A  . on the vortex.   There is no 

contribution to the upward velocity at A   from the two vortex cores be- 

cause of the almost circular symmetry.   Therefore the only contribution 

is due to the two vortex sheets.   Using this fact,   Q (* / can be computed 

as follows: 

or 

dd!*=^in(2i) 

(77) 

(78) 

A .numerical integration of this differential equation (78), gave approxi- 

mately 

fllf) =..41' 
at« 

(79) 

fin 
If this result is substituted in (76), «" approximate relation for 

can be obtained by numerical integration. 
.0.71 

f(t#|= L00t# 
(80) 
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anc! 

In •ummary 

r-.Mpe-)''-"1 

.teüiaJ» 

A ,0.65 

(81) 

(82) 

where    t. ^ IT'Yen   -wi  ^   These results were compered with the point 
A* 

vortex calculations, and the check was sufficiently good to warrant the use 

of these approximate formulas in further calculations. 

G.    The Estimation of the Inception of Cavitation 

The incipient cavitation results from the axial flow pump facility 

give an opportunity to compare the results of the previous section with 

experiment.   If the vortex is considered two dimensional at each siatiwn 

along its length, then the pressure field can be computed.   A review of 

the properties of a rectilinear vortex will aid in obtaining the desired 

result.   Consider a vortex of strength f      and core size O.    (see Figure 

40) then it is assumed for 

Now 
■2rr . 

ad0 = znrcja4 

A^a P . i /cJaV ß 
(83) 

(CJO) (84) 

so 

zTrcr (85) 
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The vortex cor« will be associated with all of the fluid that has 

entered the region from the tip clearance,  so  Clas/«e+- %.    .    Cavitation 

will be assumed to occur if the center of the core is at the vapor pressure 

so the pressure at    A ~ O     i» equal to      ry-  , the vapor pressure.    There- 

fore 

The cavitation number may be formed if the surrounding pressure field is 

given by        Cp = VuPw*        '   Expanding the cavitation number as 

K - fTvA - pwi+ fnis      (M, 

gives 

K=-c^znWi "" 
Making use of (81) and (82) 

(90) 

There are two difficulties in applying this formula to any parti- 

cular case.   First, the vortex calculations were made with the blade re- 

presented by a pressure difference distributed along the chord line.    Actually 

the blade has thickness so that a vortex line will not necessarily leave from 

the leading edge of the blade.   A stood estimate of the origin of the    ^f 

V. 
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coordinate system can be made by locating the point on the suction surface 

of the blade with a slope equal to       tOH y =    —W        .   It has already 

been pointed out in the discussion of pump ravitation that the chordwise 

location of the vortex has a predominant influence on the inception of 

cavitation in pumps.    The second difficulty in applying Equation (90) ia 

that the lift coefficient     CL0      is not known.   It was shown in Section 

III-G that the impact of the case boundary layer on the blade tip increased 

the blade loading at the tip.   Some calculations were made of the pressure 

increase along the blade near the tip (see Equation (39) and Figure 23), 

and they can be used to compute a corrected lift coefficient 

5   -yu'        A 
where     **   3* CO 5 D is the free stream lift coefficient.   The influence 

of this increase in lift is important as can be seen by the variation of the 

angle that the vortex makes with the chord line (see Figure 29) when it is 

remembered that the tangent of the vortex angle varies as the square root 

of the lift coefficient.   The vortex angle decreases from approximately 

20° for      A s  0.046 to about 10° for      A ■  0.32. 

It is important i;c note that the vorticity th?t has been included in 

the rolled up vortex comes only from the interaction of pressure difference 

leakage flow with tht main stream.   The vorticity associated with the shear 

profile due to the rotation is not included because it is fairly uniformly 

distributed over the whole region near the wall whether or not the vortex 

exists.   It has been assumed that the only effect of machine rotation is to 

effectively increase the lift coefficient at the blade tip. 

il 
li 
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Uaing these two corrections an example is worked out here that 

can be compared with the data from the machine.    Take for example    A. ■ 

0.16 and     <p, =  0.45 (   6 =  0.08 and      (^ =  S7.4    for this blade set). 

3*    -if COtGu     is 0.58 at the blade tip and    •»    is 0.53.   The cor- 
C»   (ffc "•• d 

rected   CL     i" 0- 8^ and ^e origin of the   $    coordinate system is 

^-   = 0.16.   Now 

therefore 

i#= 60 (|- O.lfe) (93) 

A ■ummary of the re suits of the calculations are tabulated below 

Vc. -CP K 
0.00 -0.10 o.co -0.10 
0.05 0.66 0.00 0.66 
0.10 0.62 0.00 0.62 
0.15 0.60 0.00 0.60 
Ö.2Ö 0.60 0.14 0.74 
0.25 0.60 0.30 0.90 
0.30 0.58 0.40 0.98 
0.35 0.56 0.48 1.C4 
0.40 0.53 0.52 1.05 
0.45 0.48 0.54 1.02 
0.50 0.44 0.56 1.00 
0.55 0.39 0.58 0.97 
0.60 0.34 0.58 0.92 

The peak value of the cavitation number,     K   •  1. 05, is theoreti- 

cally the incipient cavitation p lint of the machine.    The measured value 

(Figure 27) ?n the machine at this tip clearance flow rate is    K   =  0.88 

which is not a very satisfactory agreement.   One cause of the discrepancy 

■r .Jjr'" i w*r,**t*mamm 
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is believed to be the existence of tension in the water, i.e., the core of 

the vortex can be reduced below the vapor pressure before the cavitation 

starts.   This would considerably reduce the contribution of the vortex; 

for example if the full core were below the vapor pressure when the cavi- 

tation started, the contribution of the vortex in Equation (90) would be re- 

duced by half.   Evidence that negative pressures do exist was seen in the 

cavitation experiments.   A hysteresis of approximately five to ten percent 

was measured between the starting and stopping values of   K for vortex 

cavitation. 

This calculation potnta out two important features of vortex 

cavitation:   (1) the contribution to the cavitation number due to the vortex 

is appreciable with an improvement of more than fifteen percent over the 

maximum possible if the vortex could be eliminated( and (2) the resulting 

total cavitation number depends a great deal on the point where the vortex 

starts.   For this case, if the vortex started at thr leading edge instead of 

the sixteen percent chord position, the cavitation number would increase 

another ten percent.   Thus, as it has already been pointed out, the location 

of the vortex is very important in determining the inception of cavitation 

in a pump. 
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APPENDIX A 

NOTATION 

Q Vortex core radius 

O Length of vortex sheet in vortex 

C Blade Chord 
P'Ro 

Qp        Pressure coefficient     .'     .  .j 

~ T» i  ■- tn  i    ,      Shearing stress at wall Ci Friction coefficient = ■= r-s*— " ■ Local dynamic pressure i 

Lift coefficient =  UiX ^ V"™* ^»gth 

Q Vertical distance in vortex sheet calculations 

| Vortex strength function 

OL Vortex radius funcUon 

P Horizontal distance in vortex sheet calculations 

l ^T 

I.ft Summation indices 

ft Loss coefficient for entrance loss 

Blade thickness 

Maximum blade thickness 

Ft Boundary layer profile exponent 

P Static pressure 

Fy» Vapor pressure of a liquid 

A Radius 

Ag Vortex sheet radius 

5 Blade spacing 

i 
An 
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t 

Wt 

W« 

A 
D 
£ 
G 
I 

K 

N 
P 
R 

Ri 
R. 

T 
uy 
a 

Time 

A dimentionles* time 

Velocities 

Tip clearance velocity normal to the blade 

Velocity relative to the blade 

Mean velocities 

Tip rotative «peed of a machine 

Coordinates 

A point of interest 

Machine outside diameter 

Efficiency 

Pressure loading function 

Pressure distribution function 

Cavitation number     t-x      *£ 

Number of blades 

Power 

Radius in machine 

Hub radius in machine 

Tip radius in machine 

Reynolds number V 
Torque 

Velocities 

Angle of attack or now incidence angle 

Angle 
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P Stagger angle of rutur row (angle between chord line and 
machine axis) 

p«o Mean flow angle 

8 Angle 

Of Exit angle from entrance vanes of a machine 

y Vortex sheet strength - Circulation per unit length 

A Boundary layer thickness 

Q Displacement thickness of boundary layer 

Ot Tip clearance 

K Hub Ratio '/^ 

(J Contraction ratio of a jet 

A. Dimensionless tip clearance       jrjfn 

CJ Rotational frequency 

Si Change in any quantity 

6 Thickness ratio of the blade tip   ^""^fc^ 

I Circulation 

j Dimensionless circulation      \,/f  r~ 

5 Coordin«te along vortex sheet 

Q Angular coordinate 

T A complex plane   Aft 

7^ A complex plane     X + I WL 

Li Viscosity 

r Density 

2J Kinematic viscosity    HÄ 

J Complex velocity     U — I V 
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CD Flow rate coefficient =  ^ veloc;ty T Tip e/eed 

(p Integrated average flow rate coefficient 

\^ Stream function 

\p Head coefficient =  Local head rise of pump A   , .* 

^ Integrated average head coefficient v 

\f Theoretical head coefficient with no losses 

if/' Work coefficient    ^/j-. 

Subscripts 

•O Mean value 

0 Value at the rotor blade tip 

1 Value near rotor blade tip on the pressure side of the 
blade 

2 Value near rotor blade tip on the suction side of the 
blade 

t Value in tip clearance 

Ot Based on tip clearance dimension 

W Water machine 

A Air machine 

^"l ^W«II i    I  «i HiwfffMijI^.^ ..«^.... 
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APPENDIX B 

CALCULATION OF  K = I O \ /T  AND ANGLES OF ATTACK 

(A.)      TOO    was calculated from the reading of the manometer 

connected to a piezometer tap in the case of the pump.    Corrections -were 

made for the height of the manometer above the tap and for atmospheric 

pressure. 

(b.)      Pvr    wa« obtained from the steam tables for the mea- 

sured water temperature, 

(c.)        |      was obtained from the steam tables for the mea- 

sured value of the water temperature. 

(d.)     Wo  was calculated by using a mean velocity triangle at 

the pump's outer radius and the theoretical   "V^0 vs    (&   curve for this 

machine.      J^    the exit angle from the entrance vanes was assumed to be 

the theoretical value and independent of flow rate.    The value of   8^  for 

this machine is 19° and the ^ vs   (fa curve is given by     "^o s  1.5 - 2 <^. 

The following formulas apply under the above assumptions: 

* u 1 H 

1=4.= _k_ u.   cassia 
The angles of attack (06 ) that are equivalent to certain flow rates 

computed from the above results by defining   O^ a»    Q0 — p       , vv.re 

V.   .r' ^      is tl e stagger angle at the rotor blade tip. 
• e 
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Fig.  1 - Effect of compressor and turbine efficiency on theoretical 
cycle efficiency. 

vXr 

FLOW   COCFFICICNT 

Fig. 2 - An approximate breakdown of the factors affecting 
compressor efficiency. 

I 
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Fig.  3 - Te«t floor of the pump circuit. 

TW^- 

Fig. 4 - Schematic aiagram of the pump circuit. 

Mifii—iMr:-,!,   -i  
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Fig.   10 - Flow visualization technique,   illustrating the boundary layer 
flow at the rotor blade tips. 
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Fig.   11      Flow visualization of the secondary flows on the rotating hub. 
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LIFTING  LINE  OR  LINEARIZED  LIFTING  SURFACE   THEORY 

KUTTA  CONDITION 
APPLIED  HERE 

SHED  VORTEX   SKEET 

» ' 

J*« 

KUTTA  CONDITION 
APPLIED   HERE — 

BOLLAY'S   LOW  ASPECT   RATIO  WING THEORY 

SHED VORTEX  SHEETS 

SLOTTED WING OR   TIP   CLEARANCE   FLOW 

SHED   VORTEX   SHEEVS 

KUTTA   CONDITION   APPLIED   hcRE 

Fig.  12 - Comparison of wing theories and their 
assumptions on shedding of vorticity. 

> 
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I.      .": 

^g "' —mi mill 
Fig.   13 - Tip clearance flows for various flow rates. 
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Fig.  14 - Equipment for measuring 
wall pressure distribution. 

Fig.  15 - Closeup of air- 
foil and pressure tap disc. 

Fig.   16 - Typical wall pressure distribution ne&r the tip of an airfoil. 

J 
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ACTUAL  FLOW  GEOMETRY 

I I 
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Fig.  17 - Comparison of tip 
clearance flow geometries. 

Fig.  18 - Definitions for tip 
clearance velocity calculations. 
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Fig.   19 - Velocity triangle in caae       Fig.  20 - Geometry for calculating 
boundary layer. rotational pxeswure increase. 
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Fig. 21 - Calculated pressures on the walls near the flow into a slot. 
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Fig. 22 - Comparison of tip clearance velocities from two- and three- 
dimensional laminar flow calculations. 
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Fig. 23 - Calcuimtc: pressure increase at the tip of a rotating blade 
tiue to case boundary layer. 

StkULATCO TIP NOTATtVC SKCO 

Fig. 24 - Measured pressure increase at the tip of a blade normal to 
a rotating wall. 
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Fig. 25 - Experimental and theoretical variation of the efficiency 
with rotor tip clearance. 
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Fig.  26 - Experimentally determined variation of the work coefficient 
with tip clearance. 
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Fig.  27 - Cavitation inception in a pump vs. tip clearance for 
variuas flow rates. 
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Fig.  28 - Cavitation inception for a single hydrofoil for various 
angles of attack. 
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Fig.  29 - A comparison of the vortex structure for various 
tip clearances. 
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Fig.   30 - Effect of rcuuding the pressure side edge of the blade tip 
on clearance cavitation. 
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Fig.  31 - Clearance vortex cavitation near a single stationary hydrofoil. 
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Fig.   32 - Vortex formation 
visualization experiment. 

Fig.  33 - Vortex sheet cavitation in 
a commercial pump. 
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Fig.   34 - Initial conditions for jet        Fig.   35 - Geometric definitions for 

roll-up calculations. Jet roll-up calculations. 
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Fig. 37 - Formation of shed vortex    ^»g-  38 - Cross-section view of ubu 
sheet from an airfoil. shed vortex; sheet. 

r-io 

# 

VORTtX «COMC nv 

't 
ASSUMCO VELOOT1  Ut&rn:., '^i. 

p.p. 

RESULTIN« PMStSUR ; WS   M/TIO« 

Fig. 39 - Vortex sheet rcll-up 
pattern. 

Fig. 40 - P.ectil:JOC kt vort.» Jf 
description and >i«.pertiA»- 


